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FOREWORD 

The present  repor t  i s  one of a s e r i e s  of th ree  repor t s  
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a r b i t r a r y  pressure gradient.  Par t  1 , se rves  a s  a summary repor t  
and describes the  analysis  w h i c h  i s  u t i l i z e d  i n  the  numerical 
calculat ion scheme. I n  Part  11, the fundamental propert ies  of 
of the compressibil i ty transformation used i n  the  analysis  
are  examined i n  d e t a i l .  Par t  111, describes the numerical and 
computational procedures involved and serves as a computer 
program manual, 

The t i t l e s  i n  the s e r i e s  are:  

Part  I Summary Report - "An Invest igat ion of the High 
Speed Turbulent Boundary Layer with Heat Transfer 
and Arbi t rary Pressure Gradient, 'I by C. Economos 
and J. Boccio. 

Part  11- "The Compressibility Transformation - General 
Considerations," by C .  Economos. 

Par t  111- 'IComputer PEogram Manual:' by J, Schneider and 
J, Boc'cio. 

This invest igat ion was conducted for the Langley 
Research Center., National Aeronautics and Space Administration 
under Contract No. NAS1-8424 with M r .  Kazimierz R. Czarnecki 
as  the  NASA Technical Monitor. 

The cont rac tors '  repor t  number is GASL TR-719. 
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AN INVESTIGATION O F  THE HIGH SPEED TURBULENT 
BOUNDARY LAYER WITH HEAT TRANSFER AND 

ARB I TRARY PRESSURE GRAD1 ENT 

Part 111 - Computer Program Manual 

by Jesse Schneider and John Boccio 
General Applied Science Laboratories, Inc. 

I .  INTRODUCTION 

% i s  n;anual i s  the  th i rd  p a r t  of a three-volume report  
describing a new computer program capable of determining the  
propert ies  of a compressible turbulent boundary layer with 
pressure gradient and heat t r ans fe r .  The program t r e a t s  e i the r  
the two-dimensional o r  axisymmetric problem with e i the r  a perfect  
gas o r  r e a l  gas equilibrium chemistry model fo r  the thermodynamics. 
The description of the f lu id  dynamics is obtained by applying a 
compressibility transformation t o  the  equations fo r  conservation 
of mass and momentum, and coupling these t o  the low speed formula- 
t i on  of Reference 1. The thermodynamic behavior is described by 
simultaneous solution of the p a r t i a l  d i f f e r e n t i a l  equation fo r  
conservation of t o t a l  enthalpy wr i t ten  i n  von M i s e s  coordinates. 
This solut ion is  obtained by an implici t  f i r s t  order f i n i t e  d i f -  
ference technique. 

A detai led description of the  problem formulation along 
with the development of the working d i f f e r e n t i a l  equations *and 
the necessary auxi l iary conditions is presented i n  Part I of t h i s  
report  ( c . f . ,  Ref. 2). This par t  is intended primarily t o  serve 
as  a program user 's  manual and contains: 

a )  A description of the general program features and 
a flow diaqram describing the overa l l  logical  flow 
of the program. 

b) A detai led description of program options and 
the i r  use. 



c) Detailed. instructions for the preparation of 
input data with samples for a few cases. 

A description of built-in default options (ieee, 
the modes of operation or pre-set data items the . 
prcgam will use if it receives no other instructions 
to the contrary). 

0 

d) 

e) A complete description of the progtam built-in 
error messages and halts. 

f) description of the program output and some 
sample cases e 

g) A description and flow chart of each major 
subroutine e 

h) A description of program use, operation, accuracy, 
and present limitations. 

i) Table of program s@ols. 

2 



11. GENERAL PROGRAM FEATURES 

The program provides. the use r  with the a b i l i t y  t o  generate 
the propert ies  of a compressible turbulent boundary layer with 
o r  without pressure gradient using a per fec t  gas or  r e a l  gas 
equilibrium thermodynamics. Either adiabat ic  or  isothermal wall  
conditions may be prescribed on e i the r  a two-dimens.iona1 o r  
axisymmetric body. The viscos i ty  of the f lu id  is calculated 
from e i the r  a I.( - Tn law, Sutherland's law or from f i t s  which a re  
functions of pressure and temperature. Both the  laminar and 
turbulent Prandtl numbers may be input constants or generated 
from appropriate subroutines. 

The user may specify the  conditions external t o  the  
boundary layer i n  t e r m s  of pressure, veloci ty  or Mach number 
a s  a function of ax ia l  dis tance along the body. The l a s t  of 
these !$.e., M e  = f ( x ) )  is only avai lable  with the perfect-  
gas option. 

Boundary-layer p ro f i l e s  w i l l  be calculated at user 
specified values of the  ax ia l  distance,  x ,  the  Reynolds number 
based on momentum thickness, Ree,  o r  t he  Qcal Reynolds number 
based on distance along the body, Re,. In addition, t h e  user 
may present the program with input data  in  e i the r  English 
system engineering un i t s  or  Internat ional  (S.1.)  un i t s .  

general flow of program computation is  to:  

Evaluate a l l .  external  conditions and t h e i r  
der ivat ives  with the prescribed input information 
before any integrat ion is  performed. 

I n i t i a l l y  determine the solution t o  the  energy 
equation, ana ly t ica l ly ,  via  a Crocco in tegra l  
and then use t h i s  r e s u l t  t o  evaluate the i n i t i a l  
der ivat ives .  

Integrate  the system of  equations, solving the 
energy equation by f i n i t e  differences.  

Store the r e s u l t s  of a complete integrat ion s t ep  
i n  an output array whose s i z e  is  determined 
by the use r .  The output array is  then separated 
in to  f ive  un i t s  which a re  always printed as a group 
and consis t  of :  

3 



1) dependent var iab les  i n  the  transformed plane, 
2) 

3 )  der iva t ives  of the dependent var iab les ,  and 
4)  two s e t s  of boundary layer propert ies  i n  the  

boundary layer propert ies  i n  the  transformed 
plane, 

corresponding physical plane. 

A f t e r  the  output blocks a r e  pr inted,  the  program then 
searches through the input values of x, R .8, o r  Rex a t  which 
p r o f i l e s  a r e  desired, to  see i f  any are  within the  present 
bounds of the  output array.  I f  some values a re  within the 
present output-array range, addi t ional  computation i s  per- 
formed; p r o f i l e s  a re  generated; and the r e s u l t s  a re  pr inted.  

I f  no p r o f i l e  values f a l l  within the  present output-array 
range, o r  i f  no p r o f i l e s  a re  desired,  the  program continues 
with the  in tegra t ion  and begins t o  generate a new output array.  

4 



111. PROGRAM OPTIONS AND THEIR SELECTION 

CARD 1 - Control Card 

A l l  program users '  options are selected with one control  
card which appears as  the  f i r s t  meniber of the  input data  pack. 
In addition, t h i s  control  card may be used t o  oQtput t he  
d e t a i l s  of the computation of selected port ions of t he  program 
during selected s teps  i n  the  computation. A l l  se lect ions on the 
control card a re  made i n  integer format a s  follows: 

Columns 

1 - 3  NOXPTS The nuniber of ax ia l  points  along which 
the  external  pressure, veloci ty  o r  Mach 
number w i l l  be specif ied.  This number 
must be r i g h t  adjusted i n  the  f i r s t  
th ree  columns on the  card. A t  present,  
program dimensions a re  set up to handle 
up t o  and including 50 points.  

4 - 6  NPRFPT The number of points  a t  which p ro f i l e s  
a re  desired,  This number must be 
r i g h t  adjusted i n  columns 4-6. A t  
present,  provision has been made fo r  
requesting p ro f i l e s  a t  up t o  and in- 
cluding 20 values of x, R e e  o r  Re,. 

7 - 9  NINTPT The number of integrat ions s teps  be tween 
adjacent l i nes  of pr intout .  Since the 
integrat ion package i s  a var iable  step- 
s i z e  rout ine,  t h i s  parameter provides 
the  user with some control over the 
amount of computed information which i s  
ac tua l ly  printed.  A s  above, t h i s  number 
must be r i g h t  adjusted i n  columns 7-9 
and may be as large a s  999. 

5 



co l u m s  

10-12 KTEST The number w h i c h  determines t h e  s i z e  of 
t he  output p r i n t  blocks and must be 
r i g h t  adjusted i n  columns 10-12. A t  
present ,  program dimensions provide f o r  
output blocks of up t o  and including 50 
l i nes .  Experience with t h e  program has 
indicated t h a t  a value of KTEST 5 50 i s  
a good choice. 

13- 14 UNITS Provision has  been made i n  the  program for  
SELECTION specifying e i t h e r  input, output,  o r  both 

i n  e i t h e r  English system engineering un i t s  
( i . e . ,  the pound-force, slug-mass system) 
o r  t h e  Internat ional  System (S  I I a )which 
i s  bas i ca l ly  the  MKS system. Column 13 
controls  the un i t s  of the information t o  
be input .  I f  column 13 is  o ther  than 
zero, t he  program expects t h e  input 
information t o  be i n  S . I .  un i t s .  Column 
14 controls  the u n i t s  of the  information 
t o  be output. A s  above, i f  column 14 i s  
other  than zero, the program assumes the  
user  desires the  output information i n  
S . I .  un i t s .  I f  columns 13 and 14 are  
l e f t  blank, t he  de fau l t  options ( i - e . ,  
English system u n i t s  a r e  expected f o r  
input and w i l l  be used f o r  output) are  
used. 

Two addi t ional  i t e m s  must be mentioned: 
(1) the u n i t s  of input  quan t i t i e s  may 
- not  be mixed between the  systems, and 
( 2 )  a l l  i n t e rna l  ca lcu la t ions  of  
dimensional quan t i t i e s  a r e  performed 
using English system engineering u n i t s  
and t h e  d e t a i l s  of the  computation of 
some selected port ion of the program 
w i l l  be output i n  th i s  system. 
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C o  iumn 

15 GEOMETRY This.switch i s  used t o  select  e i t h e r  
the  two-dimensional or  axisymmetric 
options o f  t he  program. A zero or 
blank ( the  de fau l t  option) selects the 
two-dimensional case. I f  an axisymmetric 
problem i s  t o  be done, the user has two 
addi t ional  sub-options regarding the  
form i n  which the  input da ta  for  the 
geometry may be supplied. I f  t he  user 
chooses t o  supply the body geometry 
a s  a tab le  of r vs x, he merely puts a 
9 i n  column 15. I f  t he  u s e r  f inds it 
preferable  t o  specify the geometry using 
curve f i t s ,  t h e  number of regions in to  
which the body has been divided i s  input 
i n  column 15. (A maximum of 8 regions 
a r e  permitted.) For the  case below, 
a 4 would be inser ted i n  column 15,  i n  
which case the program expects t o  have 
avai lable  four s e t s  of a t  most fourth 
order polynomials t o  describe the body 
geometry. 

r 

_- 
axis 

LBODY- 
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Column 

16 PROF I LES Column 16 is  used t o  specify the  
parameter which is  t o  serve a s  the 
independent var iable  a t  which p r o f i l e s  
a re  desired.  

I f  t he  integer  i n  Prof i les  w i l l  be 
column 16 is: calculated a t  user 

specif ied values of :  

0 
1 
2 

X 

'8 
Re, 

( A  blank i n  column 16 is assumed t o  be 
zero3 I f  no p ro f i l e s  a r e  desired ( i - e - ,  
columns 4-6 a re  zero) column 16 i s  
ignored . 

17 PRINT Future plans c a l l  fo r  providing an 
CONTROL addi t ional  mode fo r  generating the 

contents of the output array based on 
selected increments i n  the independent 
variable.  A t  present,  output array 
contents a re  governed by NINTPT 
(Columns 7-9) which is the p r i n t  control 
defaul t  option and should always be 
used. Column 1 7  should therefore 
always be l e f t  blank in  the present version 
of the  program 

18 SPECIAL This switch is  used only for the special  
S . I .  cases i n  which S . I .  u n i t s  are  being 
INPUT input ( i .e . ,  Column 13  # 0 ) ,  the  Sutherland- 

v iscos i ty  option has been selected ( i . e . ,  
column 24 = 0 )  and the user desires t o  
change the  constant K ' * .  (see formulation, 
Part I ,  Section F.l). This spec ia l  

s w i t c h  is  required s i n c e  a defaul t  value 
of K '  (which is  dimensional with the  un i t s  
of a temperature) i s  s tored i n  the block 
data  routine of the  program. For a l l  

where *in the  Sutherland law re la t ionship  u p= l+Ge (5, -3/2 
K=K' Cp/He. ( 1/F) +Ge 

8 



Column 

18 (contd) 

19 PRESSURE 
OPTION 

20 

21 

other  s i t ua t ions  b u t  the  one mentionkd 
above, column 18 may be l e f t  blank. 

With t h i s  switch the user may bypass 
a portion of the  program logic  t o  do a 
case which does not involve pressure 
gradient and i n  so doingmake some small 
saving i n  computer t i m e .  I f  the  user 
i n s e r t s  a nurtiber other  than zero i n  
column 19, the program assumes no axia 1 
pressure gradient ex i t s .  (Note: the  
de fau l t  option, column 19 l e f t  blank, 
assumes an ax ia l  pressure gradient  e x i s t s  
and may be used i n  a l l  cases.) 

EXTERNAL Column 20 is  used t o  select the form i n  
CONDITIONS which externa 1 cond it ions a re  supplied 

t o  the  program. 

I f  t he  integer  i n  The input option 
column 20 is:  selected is:  

0 

1 

2 

Pressure as  a 
function of x 

Velocity as  a 
function of x 

Mach number as  a 
function of x 

Note t h a t  the  de fau l t  option assumes the 
user  w i l l  normally input pressure infor- 
mation. I t  should a l so  be remembered 
t h a t  Mach number input may be used only 
with the  per fec t  gas option. 

THERMODYNAMIC AND TRANSPORT PROPERTY CHANGES 

This switch provides the u s e r  with the  
capabi l i ty  t o  change any of  t he  thermo- 
dynamic and/or t ransport  propert ies  which 

9 



Column 

2 1  (Contd) have been b u i l t  i n t o  t h e  program. 
Changes in  thermodynamic propert ies  cou Ido 
include the molecular weight and r a t i o  
of spec i f i c  heats  of the gas, i t s  
laminar and/or turbulent Prandtl  nunibers, 
if they are constants, K ' ( the  constant i n  
Sutherland's L a w ) ,  and the  m o l e  f rac t ions  
of t he  species present i f  the chemistry 
option is  being used. Transport propert ies  
which could be changed include the  reference 
values of temperature and v i scos i ty  i n  
both Sutherland's Law and 1.1 - Tn and the  
exponent of the temperature i n  the  l a t t e r .  
I f  any such changes a re  desired the  user 
i n s e r t s  a number other  than zero i n  
column 21. The defaul t  option (column 2 1  
l e f t  blank) assumes no changes a re  
des i r ed  e 

22  CHEMISTRY Two chemistry options a r e  avai lable  t o  
MODEL the  user.  I f  a zero i s  inser ted  i n  column 

2 2  or it i s  l e f t  blank, it is  assumed 
the  user des i res  t o  do a per fec t  gas 
calculation. If no f lu id  propert ies  aye  
changed the  gas is  .further assumed t o  be 
a i r .  Any other  per fec t  gas-may be 
accommodated by using a number other than 
zero i n  column 2 1  and prescribing new 
values f o r  t he  molecular weight and 
r a t i o  of spec i f i c  heats  of the  gas and 
d i f f e r e n t  t ransport  properties.  The 
input of t h i s  information i s  described i n  
d e t a i l  i n  Section I V  of t h i s  volume. A 
number other  than zero i n  column 22  selects 
the  equilibrium chemistry option. A t  
present,  the  chemistry package has been set  
UD t o  do calculat ions for  8 species a i r ,  
The mole f rac t ions  a t  some reference 
condition which a r e  required by the 
chemistry package, a re  b u i l t  i n t o  the  
program as  pre-set  data.  These may be 

10 



Column 

22  (contd) changed by t h e  user i n  the  same manner 
as  any other  chemistry or t ransport  
property changes are made. For fur ther  
information regarding t h i s  chemistry 
package the  user i s  re fer red  t o  
Section V I 1 1  of t h i s  volume which b r i e f l y  
describes the per t inent  routines.  

23 SPECIAL Before making a lengthy computation the  

of the  f i r s t  few integrat ion s teps .  By 
se lec t ing  a s m a l l  number, n,  ( i . e . ,  
2 o r  3)  for  KTEST i n  column 12pinser t ing 
a 1 i n  column 9 fo r  NINTPT,  the  number of 
integrat ion s t eps  between adjacent l i nes  
of pr in tout ,  and inser t ing  a number other 
than zero i n  column 23 the  program w i l l  
h a l t  a f t e r  pr in t ing  an output array of n 
l i nes  corresponding t o  n integrat ion s teps .  
In a l l  other  cases column 23 should be 
l e f t  blank. 

HALT user  might l i k e  t o  examine the  r e s u l t s  

24 VISCOSITY Three v i scos i ty  options a re  ava i lab le  
OPTIONS t o  t h e  user. 

I f  the  in teger  i n  The option 
Column 24 i s :  selected i s :  

0 Sutherland ' s Law 

This option is  avai lable  with e i t h e r  
the per fec t  gas o r  equilibrium chemistry 
option. 

p from f i t s  as  functions 
1 of pressure & temperature 

avai lable  only with equilibrium chemistry 
option. 

2 p - Tn 

avai lable  only with per fec t  gas option. 

11 



Column 

24 (contd) The referenpe conditions used i n  both the 
u - Tn and the Sutherland Law options 
and the  temperature exponent of the former 
a re  for  a i r  and are  s tored as pre-set 
information i n  the  block da ta  sect ion of 
the program. They may be changed a s  
described above by inser t ing  a n u d e r  
other than zero i n  column 2 1  and pre- 
scr ibing the  desired new values i n  the 
input data  section. 

- 25 WALL The program has been se t  up t o  handle 
CONDITIONS e i the r  an adiabat ic  or isothermal w a l l  

condition. For the  former, a zero is  
inser ted i n  column 25 or  it i s  l e f t  
blank. Any nuniber other  than zero i n  
column 25 selects the  isothermal option. 
In e i the r  case, a w a l l  temperature must 
be input i n  t h e  input data  section,with 
it being considered a s  t h e  i n i t i a l  value 
fo r  the  adiabat ic  option. 

2 6  PRANDTL This switch provides the user with the  
NUMBER choice of having the  laminar and 
OPTIONS turbulent Prandtl numbers generated by 

a sub-routine (c . f .  Sect. V I I I )  o r  
using constants for both. 
blank i n  column 26 selects t h e  l a t t e r .  
Note t h a t  i f  constants a r e  t o  be used 
they may be e i t h e r  the  pre-set values 
stored i n  the  block-data routine or  
new ones which the user prescribes i n  
the input-data sect ion a f t e r  inser t ing  
a number other than zero i n  column 2 1 .  

A zero or  

27 SPECIAL S . I .  This switch i s  s imilar  t o  the one used 
INPUT i n  column 18 and is  for  the spec ia l  cases 

i n  which S . I .  un i t s  are  being input 
( i - e . ,  column 13 # 0 )  and e i t h e r  the 
Sutherland Law or p, - Tn v i scos i ty  
options have been selected (column 24 = 0 

12 



co lumn 

27 (contd) o r  2 )  and the  user desires t o  change 
the reference temperature, reference 
v iscos i ty  o r  both, As i n  the  previous 
-case, t h i s  spec ia l  switch is required 
since these quant i t ies  are dimensional 
and defaul t  values of t h e m  are s tored 
i n  t h e  block data  rout ine of t he  pro- 
gram, For a l l  other  s i t ua t ions  b u t  t h e  
ones mentioned above, column 27 may be 
l e f t  blank, 

28  DATA DUMP FOR CHEMISTRY PACKAGE 

When a n u d e r  other  than zero is inser ted 
i n  column 28 the  program w i l l  p r i n t  the  
value of selected m e n h e r s  of the  da t a  
arrays used i n  the chemistry package. 
This switch is  used only as  a check t o  
insure t h a t  curve f i t  data  has been 
stored properly i n  the  chew{rtry routines.  
Under normal program operation column 28 
should be l e f t  blank. 

29  SPECIAL HALT FOR EDGE CONDITIONS 

Before performing any integrat ion the  user  
may des i r e  t o  examine the  input and 
de fau l t  da t a  the  program w i l l  ac tua l ly  
use i n  the  calculat ions as  w e l l  as  the  
wall conditions, edge conditions and 
pa r t i cu la r ly ,  t h e  der ivat ives  of t he  
l a t t e r ,  This may be accomplished by 
merely inser t ing  a number other than 
zero i n  column 29. The program w i l l  
then p r i n t  t he  above information and h a l t .  
During normal program operation, column 
29 may be l e f t  blank, 

30 ITEXT ( Integrat ion Package T e s t )  

When a nuniber other than zero is inser ted 
i n  column 30, the integrat ion package 
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eo lumn 

30 (contd) 

31 - 38 

Column 

31 
32 
3 3  
3 4  
35 
36 
37 
3 8  

w i l l  2 r i n t  out  a t i m e  h i s to ry  of the  
computing in t e rva l  and the  reasons fo r  
i t s  var ia t ion.  For normal program 
operating, column 30 shauld be l e f t  
blank e 

ORDER These switches may be used t o  change 
CHANGES the order of the  interpolat ion which i s  

used i n  various pa r t s  of t he  program o r  
change the n u d e r  of  points  being used t o  
ca lcu la te  der ivat ives  i n  cer ta in  routines,  

r i v a t i v e  scheme i s  presently being used.) 
I f  these columns are l e f t  blank, t h e  de- 
f a u l t  values of these order parameter, 
which a r e  s tored i n  the  block data  rout ine,  
a r e  used. A number, n, o ther  than zero 
inser ted i n  any of the  above columns w i l l  
change the order t o  n. The user i s  
advised t o  use the  defaul t  values unless 
there  is a strong reason for changing them. 
The table below indicates  the  control:  

Order Service Routine Subroutine which c a l l s  
Parameter which uses, it fo r  the Service Routine 

(Note a Lagrangian interpolat ion and de- 

- 
LORDRl 
LORDR2 
MORDRl 
MORDR2 
MORDR3 
MORDR4 
NORDRl 
NORDR2 

LGRANG 
LGRANG 
LAGR 
LAGR 
LAGR 
LAGR 
LAGDER 
LAGDER 

PRFILE 
XTERNI, 
DEFINT 
FUNCT 
FUNCT 
AXISYM 
I N I T L l  
AXISYM 
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Column 

39 - 59 

Co lumn 

3 9  
40 
4 1  
42 
43 
44 
45 
46 
47 
48 
49 
50 

DUMP 
SWITCHES 

Subrout i n e  
Dumped 

HS I TER 
THERMQ 
ZWCISYM 
PRFILE 
STDM 
DER SUB 
MAIN 
BLPROP 
XTERNL 
c o w  
PROF I L 
FWCT 

The 2 1  switches represented by columns 
39-59 may be used t o  examine t h e  d e t a i l s '  
of the  camputation being made by a 
pa r t i cu la r  subroutine of the  program. 
Each switch controls one subroutine 
and all switches a re  independent of one 
another. I f  a number other than a zero 
o r  a blank is inser ted i n  any m e m b e r  gf 
t h i s  group, the important parameters 
and ;some of t h e  quan t i t i e s  used t o  
compute them w i l l  be pr inted each t i m e  
t he  rout ine associated with t h e m  i s  
cal led,  Fgr some routines with many 
branches, a sequence of t rae ipg  numbers 
is a l sQ printed.  Theee Switches w e r e  
o r ig ina l ly  intended t o  aid i n  debugging 
portions of the program and have been l e f t  
i n t a c t  frqm t h a t  t i m a ,  The user is wzrrned 
t h a t  the  use of thes,e switches can generate 
a large quantity of output. Control i s  
as  indicated below: 

Subroutine 
co l u m  Dumped 

51 
52 
53 
54 
55 
56 
57 
58 
59 

COE FF 
F P R I M  
GETFS 
MATRX 
GETPHI 
I N I T 2  
DEFINT 
I N I T 3  
NBRIT  
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Column 

60 P I  CORRE- This s w i t c h  i s  avai lable  i f  the user 
LATI ON w i s h e s  t o  correct  the outer region of the 

ve loc i ty  profile by means of t he  
correlation l a w  discussed i n  Parts I 

P I  + 0 . 5 3  Pn P where P = P(HerGw) 
In  t h i s  connection two points  are' 
noteworthy, I f  the i n i t i a l  value of the 
pa rme te r  PI, namely P I O ,  is generated 
from an experimental ve loc i ty  p r o f i l e  
and the  P I  CORRELATION i s  desired, then the 
proper input value of P I  w i l l  be t h a t  which 
has been generated from the p r o f i l e  
w i t h  the  cor re la t ion  t e r m  subtracted from 
it, i -e . ,  

and I1 and wr i t ten  here as  (PI)Gorr - - 

where 

P = P (HTILDA, WALL) = P(g,%) 

This procedure i s  required so t h a t  when 
the  correlat ion is applied i n i t i a l l y  the 
working value of P I  w i l l  be t h a t  generated 
from the  p ro f i l e ,  i ,e ,  

The second noteworthy point  i s  t h a t  i f  
the  Pnput value of P I  has been obtained 
from other  than a p r o f i l e ,  e.g,, f r o m  
some equilibrium i n  compr es sib l e  turbulent  
boundary layer analysis  then the input. 
value w i l l  be corrected forthwith. A 
more de ta i led  descr ipt ion of this corre- 
l a t i o n  and i t s  intended ramifications a re  
presented i n  Section I I I m C e l  and 2 of 
P a r t  I .  

(''1 p r o f i l e  

F ina l ly ,  the normal defaul t  option (zero 
o r  blank) is understood t o  mean that  t h i s  
cor re la t ion  is  not t o  be applied. 
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Coliunn 

61 - 64 DUMP These columns may be used to  turn  on 
65 - 68 SWITCH or  o f f  the t rac ing  sequence selected i n  

VALUES columns 39-59 by specifying the in- 
tegra t ion  steps (as in tegers )  a t  which 
the  user would l i k e  the  changes to  occur, 
Three such changes are permitted and the  
in tegra t ion  s t e p  at' which each is  to  
occur should be r i g h t  adjusted i n  columns . 
61-64 fo r  t h e  f i r s t ,  65-68 f o r  t he  
secondrand 69-72 for the  th i rd .  The on- 
o f f  mechanism is keyed t o  the  s w i t c h  
for M A I M  (column 45) e The following 
example w i l l  i l l u s t r a t e  the use of t he  
above. The user des i r e s  t o  t r ace  the  
rout ine cal led @@DEFINT@@for the  f i r s t  
three in tegra t ion  steps,  then t r ace  the  
program between the  52 and 153 in tegra t ion  
steps, and then continue the ca lcu la t ion  
i n  the  normal mode. The s w i t c h  s e t t i n g s  
would be : 

69 - 72 

. 

Column Inteqer 

45 
57 
64 
67 
68. 
70 
71 
72 

This would r e s u l t  i n  MAIN and DEFINT 
being traced for the f irst  three integra-  
t i o n  s teps .  The t racing sequence would be 
shut  o f f  after the  t h i r d  in tegra t ion  s t e p  
and would be turned on again for  a l l  
rout ines  a t  in tegra t ion  s t e p  number 52. 
The t r ac ing  would continue through s t e p  
153 a t  which t i m e  it would be turned of f  
and the computation would proceed normally. 
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Column 

61-64 
65-68 (contd) 
69-72 

Note chat €or normal program operation, 
columns 61-72 may be l e f t  blank. 

To i l l u s t r a t e  the preparation of the  control  card a 
sample i s  presented below. 

For t h i s  case,  the user w i l l  prescr ibe 12 points  along an 
axisymmetric body w h e r e  the  external  Mach n u d e r  d i s t r i b u t i o n  
w i l l  be prescribed. The user has broken the  body down i n t o  5 
regions and is specifying the  geometry i n  t e r m s  of 4th order 
polynomials. Recall, t h a t  a t  present the  program can only handle 
polynomial representation f o r  t he  body geometry with a fostrrth 
order fit a s  the  highest  order possible. The calculat ion w i l l  
assume a perfect-gas-thermodynamic-model and w i l l  be done 
w i t h  pressure gradient for  an isothermal wall. The-user has 
a l so  selected the  p 
some values of thermodynamic or t ransport  property data.  

'I? v i scos i ty  option and intends t o  change 

The'output information w i l l  be  i n  blocks of 25 l i nes ,  each 
l i n e  representing 1 integrat ion step.  Prof i les  w i l l  be generated 
a t  two values of Ree t o  be specif ied by the user and the output 
w i l l  be i n  English system engineering u p i t s  (the input i s  i n  $.I. 
u n i t s )  e 

A t a b l e  of the control card parameters is provided a t  the  
end of t h i s  repor t  for  quick reference i n  preparing program 
input e 
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IV, FREPARaTION OF PRO INPUT PATA 

As previously mentioned, t h e  f i  t card of any set of ipput 
eparation is described data  must be a control  card and i ts  

i n  Section T I T o  This sect ion w i l l  discuss t h e  remaining input 
da ta  and i t s  preparatipn. 

Information input  t o  t h i s  program is f a c i l i t a t e d  by 
combining the  use of two standard FORWN’features; a) block- 
data  s torage of a la rge  nuniber of da ta  items whicli arg not 
changed o f t e n  or which a r e  standard for  a pa r t i cu la r  input 
op;tion and b) namelist which provides g rea t e r  f l e x i b i l i t y  by 
(1) permitt ing only the  information ac tqa l ly  repired to  run 
a given problem to  be input in any order, sn4 i n  any format, 
(2) by providing f o r  the  inpqt of a r ray  information in a simple, 
compact form# and (3) by providing a permanentp eas i ly  
iden t i f i ab le  record of the  input  information. 

Four separate  categories  of namelist information cran.be 
supplied t o  t h e  program as  input;  two of which a re  always re- 
quired, They a r e  discussed below i n  t h e  order i n  which they 
appear i n  the  input-data pack. 

(A) OVRIDE - This namelist array i s  ajlways requirqd and 
i s  used for  input of a l l  free-stream or referepce conditions, 
i n i t i a l  values of the dependent and independen$ var iables ,  wall 
temperature, program constants,  mesh sizes, reference lengchs, 
i n i t i a l  and maximum permitted in tegra t ion  s t e p  s i zes ,  t runcat ion 
e r ro r  tolerances and poin ts  a t  which p r o f i l e s  inre desired,  

Consequently, t he  second card of the input data  pack must  
always begin with the  following format: 

Column 2 3  a 9  

Any or  a l l  qf  the  above mentioned items may  en be loaded 
beyond Column 9, free f i e l d ,  i n  any order ,  i n  any format, and 
i n  a s  many cards as a r e  required t o  complete the input data  
requirements for the pa r t i cu la r  case of interest . .  The da ta  is  
input by punching i t s  program var iab le  name, an e?,@ s a ,  
and the value of t h a t  variab&, i n  any format. Each da ta  item 

-u- 

19 



must be separat: 
spacing 
equal s 
parameter ., 

by a comma and no a t ten t ion  need be paid t o  

between the  equal sign and the actual  value of the 
en data  items, between the var iable  name and 

A X e w  addi t ional  simple r u l e s  must be observed: 

1) 

i )  

a l l  data  continuation cards must s t a r t  i n  column 3 or 
beyond a 

no unnecessary blanks a r e  permitted i n  the  middle of an 
input nuniber, 

3 )  the l a s t  i t e m  on each card, except  for^ the l a s t  i t e m  on 
the &as t  card, must be a coma, 

input must be terminated by a $ 
data  i t e m ,  

4)  somewhere a f t e r  the l a s t  

A sample of a typ ica l  program input i s  shown below: 
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Note t h a t  cards 3 and 4 could have been switched with no change 
i n  the input data  received by the  program, 

The following l is t  of var iables  may be input t o  the  
program v i a  OVRIDE. 
Default values fo r  the remaining a r e  stored in 'b lock  data and 
may be changed, i f  desired, by merely including the  desired 
values anywhere on the OVRIDE input cards before the l a s t  $ 
(Note: - n u m u  zeros a r e  ever u=d b a x  var iable  n a m _ e h  
th is  program.) For a complete description of a l l  program 
symbols the  user i s  referred t o  the tab le  of symbols i n  
Section 

Only the first 6 must always be  specified.  

These a r e  
required 

input i n  
OVRIDE 

UEO - the  f r ee  stream o r  reference veloci ty  - 
f t / s ec  or  meters/sec 

PEO - the free-stream or  reference s t a t i c  
pressure - lb f / in2  o r  Newtons/m2 

HTOTE - the  free-stream o r  reference t o t a l  
enthalpy - ft2/sec2 or  J o u l e s h g  

P I 0  - i n i t i a l  value of the Coles wake 
parameter - dimensionless 

PHIBRO - i n i t i a l  value of the sk in- f r ic t ion  
parameter - dimensionless 

- the wall temperature - R or  K 

- i n i t i a l  value of the  independent 
var iable  and other dependent var iables ,  
a re  prese t  i n  block data. For def in i t ions ,  
see tab le  of symbols 

0 0 

Input of 
these i s  
a t  the 
choice of 
the user ACONST 

B 
BETA 
ETASTR 
YBPLUS 

Program constants prese t  i n  block data.  
,For a complete descr ipt ion,  see tab le  
of symbols 
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Input of 
these is 
a t  the 
choice of 
the user 

Mesh variables prese t  i n  block data.  
For a complete description see tab le  
of synibols e 

Integration package parameters (Le., 
Step s i z e s ,  cutoff points,  truncation 
e r ror  tolerance) preset  i n  block data.  
See tab le  of symbols for  t he i r  

Reference lengths preset  i n  block data.  
See t ab le  of symbols. 

Points a t  w h i c h  p ro f i l e s  a re  desired. 
These are  preset  t o  zero i n  subroutine 
MAIN. 

XPROFL 

(B) PRESSR/SPEED/MACH - One of these name l is t  names i s  
always required and follows immediately a f t e r  OVRIDE, The one 
t o  be used depende upon the  select ion made i n  column 20 on the 
control card. I n  any case, 50 values of x and e i t h e r  PE, UE, 
o r  EME, the external pressure, veloci ty  o r  Mach number, 
respectively,  may be input. A sample of the input is presented 
below: 

4VRESSR XC 1 )SO. 9 1. OF 1. SF 2. I)z 3-09 4.  P P€( 1 :> = 14,?  3 2a15.4 
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I n  t h i s  casep the  control  card would show 

CblUmn 20 ---- 0 (or  blank) 

3 ---- 6 ( for  6 input points)  

The program would then expect t o  be given 6 sets of ex terna l  
conditions i n  terms of the  pressure,  a s  above. The one- 
dimensional arrays of information which represent t he  coordinate 
x, and the pressure,  PE, are loaded sequent ia l ly  by merely 
ident i fying the array pos i t ion  of  the  f i r s t  m e m b e r  i n  t he  group. 
Any r e p e t i t i v e  information may be handled using a r epe t i t i on  
fac tor  (an integer  and a mult ipl icat ion s ign)  as it would be i n  
a da ta  statement o r  i n  standard FORTRAN ari thmetic.  Note t h a t  the  
PE array could have appeared before the x array.  

For the case above, the x coordinates at which pressure 
information is spec i f i ed . a re  O. ,  1.0, 1.5, 2.0, 3.0, and 4.0. 
The corresponding values of pressure would be 14.7, 15.4, 15.4, 
15.8, 16.5 and 17..2, 

I f  external  ve loc i ty  o r  Mach number had been t h e  input 
choice, column 20 would have been set  t o  1 or 2 ,  respectively; 
the name l is t  name used would have been SPEED o r  MACH, 
respectively,  (e.g., $ SPEED x(1)  = 0. , 1.0, etc.) and i n  
place of 6 values of the  pressure there  would have appeared 
6 values of the ve loc i ty ,  UE(1) = "1' e a .  n6 $ o r  6 values 
of the Mach number, EME(1) = ml8.,. .  m6 $. 

The only var iab les  which can be input with PRESSR, SPEED 
o r  MACH are:  

X - the running coordinate along the  bady f o r  the 2-D 
case o r  the  non-dimensionalized a x i a l  coordinate t o r  the  axi- 
symmetric case f t  o r  meters and one of the following: 

PE 
Newton/m2 

UE - the external  ve loc i ty  d i s t r ibu t ion  - ft/sec or 
meters/sec. 

EME - the  external  Mach number d i s t r i b u t i o n  - dimensionless, 

- the external  pressure d i s t r ibu t ion  - lbs / in2  o r  

The remaining t w o  namelist arrays a re  FZUIE and RBODY 
and a r e  required, respect ively,  only when the  user  desires t o  
change the thermodynamic and/or t ranspor t  p roper t ies  of t he  
f l u i d  o r  use the axisymmetric option. 
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I f  FLUID is used ( i e e e 8  column 2 1  is set t o  a number other  
than zero) t he  input da ta  associated with it is read immediately 
a f t e r  the  PRESSR, SPEED or  MACH input -data i s  read. There are 
9 var iables  which have de fau l t  values s tored i n  the block da ta  
rout ine and only those that are t o  be changed need be input i n  
th i s  section. A sample of t h i s  input i s  presented below: 

o o 0 0  c e o  o o o  o o  o o o  O B  o a ' . ; . o  o o  o '  o o  o o o  o r -  o :  o o o f  o o { " n o ~ o  o! o o o o o o 0 1  , o l ' o  o o i ' o  o o o o o 
I 2 1 4 5 6 J 8 I IO I t  12 I3 I4 15 I$ I J  I8 I9 10 11 22 21 24 2 1  26JLg6.39 lp" ?I I3 J4 ?5 :6 3 JB 19 40 41 a2 41 4 i  4; 41, 4 i  48 49 50 51 52 53 54 5 5b > I  Y 59 bo 61 6? 61 tl 65 66 L I  66 b1 i o  I 1  12 I .  . . ... .. .. . . . . __ . 

In t h i s  case, the user elected t o  change the values of the  
laminar and turbulent  Prandtl  numbers from t h e i r  de fau l t  values 
t o  1.0. It is assumed t h a t  the user a l s o  has s e t  column 26 
on the control  card t o  a number other than zero (i.e., has 
'chosen to  use an input o r  block data  value of these parameters 
ra ther  than have them generated by a subrout.ine as  a function of 
temperature). In  addition, t h e  u s e r  a l s o  wished t o  change the 
exponent i n  the  v i scos i ty  law from the de fau l t  value prese t  i n  
the block da ta  rout ine t o  the  value 1.0. (It is assumed tha t  
column 24 on the control card has been set t o  2 t o  select the - fl v i scos i ty  opt ion) .  Final ly ,  the  values of the t h i r d  
and fourth nunibers i n  the  mole f rac t ion  array have been changed 
from t h e i r  p rese t  values to 16.001 and 14.08, respectively.  

The parameters which may be changed under the 'control of 
FLUID are:  

GAMA - 
WGT - 

CAYPRM - 

the  r a t i o  of s p e c i f i c  hea t s  - dimensionless 

the  molecular weight of the  f l u i d  i n  lbm/lb-mole 
or kg/kg-mo l e  

the  laminar Prandtl  number 

the  turbulent  Prandtl nuniber 

the Sutherland Law constant - R o r  K 
(Note: see column 18 ins t ruc t ions  for input 

dimensionless 

0 

I 
0 

i n  S.I. u n i t s )  
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B O L E  - 

VEX - 

TEMPR - 

VISTR - 

,the species mole f rac t ions  
a i r  a t  some prescribed reference conditions- 
dimensionless 

the temperature exponent i n  the  p - Tn 
v i scos i ty  law - dimensionless' 

the reference temperature for  both the 
Sutherland or  p - viscQsity l a w s  - R o r  OK 0 

the reference v i scos i ty  ( p a t  T = TEMPR) used 
i n  both Sutherland 
or Newton- s e c / m e  ter2 

Law and p - Tn - lbf-sec/ft2 

(Note: see column 27 ins t ruc t ions  for  input of these l a s t  two 
parameters i n  S;I. un i t s )  

If  RBODY is used, ( i .e- ,  column 15 is set t o  a number other  than 
zero) the user has  requested the axisymmetric option. As 
mentioned e a r l i e r ' i n  Sect ion I, the  axisymmetric geometry niay 
be input i n  e i t h e r  of t w o  modes, determined by the  nuniber, n, 
(n > 0 )  w h i c h  has  been inser ted i n  column 15. 

( a )  i f  1 S n 5 8 - the program expects t o  find n sets 
of numbers,one set  for each of n regions of the body, w h e r e  n 
i s  determined by the user. Each s e t  of numbers cons is t s  of 
5 polynomial coef f ic ien ts  and a terminating value ( i -e . ,  the 
l a s t  value of ~ X fo r  which the pa r t i cu la r  -curve f i t  is 
applicable). The f i t s  i n  each region must be of the form 

r*  = al +- a x* 2 + & x*2 + 
3 .  

3 a x* 
4.  

+ 4 a x* ' 5  

( N o t e  t h a t  r*  and x* are-non-dimensional quant i t ies  and a r e  
the  body radius  and dis tance measured along the ax is ,  . 

respect ively,  both normalized w i t h  respgxt to  the body length.)  

These a r e  loaded i n t o  the 6 x 8 array,  AAXP. one region a t  a 
time, w i t h  the  polynomial coef f ic ien ts  i n  ascending order followed by 
the  terminating value. A sample of t h i s  input format i s  
shown below: 
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For t h i s  case, the  user divided the  body up i n t o  t w o  
at.egioqs (n i n  column 15 is 2 ) .  The curve f i t  va l id  i n  t he  f i r s t  

Fegion i s  

r*  = O,36937x* 
X axis  

and is appl icable  up t o  and including x* = 7 - - ,14158 

The,curve f i t  va l id  i n  the  second region is 

3 
r* = - .00461 + .33498x* + 1 . 2 2 6 6 8 ~ * ~  - 6.49221xX 

4 + 6.3473x* 

and is appl icable  up t o  and including 

x* = x /LBODY - .45752 ax is  

(b) i f  n = 9 - the  program expects t o  f ind the  body 
geometry prescribed as a t a b l e  of r* vs x*, 
x* should have already been input with e i the r  the external  
pressure, veloc i ty  or Mach number i n  PRESSR, SPEED, o r  MACH, 
respect ively.  Noteworthy here  is  t h a t  for the 2-D option the  
dimensioned ar ray  name, x, is understood to  be the dimensional 
running length along. the body whereas for the axGymmetric option 
it, is  understood to  mean the  ax ia l  dis tance which has  been non- 
dimensionalized with respect  to LBODY, 

For t h i s  case, 
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The corresponding r* information ( a maximum of 50'-values 
permitted) is now loaded under .con.trol of the ,namel i s t  
RBODY, as i l l u s t r a6ed  below: 

SRBOD'r' R S T W ? l j  = 0.3 . 2 r s 3 5 ~ . 3 5 s . 4 2 ~ , 5 5  .S 

In th i s  ease, the control  card would ind ica te  

Column 3 --- 6 ( for  6 input po in ts )  
15 --- 9 

and 6 values of the body radius ,  normalized w i t h  respect  to  the  
body length, LBODY, would be loaded i n t o  the  program. These 
6 values of r *  would correspond to  the 6 values of x* previously 
loaded with the  pressure,  ve loc i ty  or  Mach number,, 

The l a s t  i t e m s  of the input data  pack a r e  three cards which 
may be used f o r  case ident i f ica t ion .  Up to 72 h o l l e r i t h  characters  
may be punched oneach card.  and their  contents a r e  pr inted on 
the first page of the output. I f  less than three cards a re  
required for i den t i f i ca t ion  purposes, blank cards must be 
inser ted t o  make up the difference,  

27 



V, BUILTLIN DEFAULT DATA 

This section contains a description of the pre-set 
information in the block-data routine and presents the stored 
values and their associated units. The first group of these 
are dimensionaless program constants which are typiqally 
used in turbulent flows : 

ACONST E 2.43 - a universal constant w.r.t. incompressible 
turbulent flows 

B = 7,s - a universal constant w.r.t. incompressible 
turbulent flows 

BETA = 0.016 - a parameter used in the description 
of the incompressible eddy viscosity (c.f., 
Part ! I1 Equations (42a) the subsequent 
discussion in Section III.C.l with regard 
to its implementation for wake correlation 
results. ) 

ETASTR = 0.5 - a percentage value of the incompressible 
boundary layer height where the Clauser 
eddy-viscosity model is assumed to apply. 

YBPLUS = 10.6 - the value of incompressible Reynolds 
number based on she 
weight (i .e. , pTYs?fi )  

velocity and sublayer 

The next group are commonly-used values of some thermo- 
dynamic ,and transport properties. These include 

VEX = 0.76 - the exponent of the temperature in 
the viscosity -law of the form p / h = ( T / T  )n R 

= 0.72. - the turbulent Prandtl number 3 be taker, constants to 

= 198.6OR - the constant in Sutherland’s Law 

PRNLAM = 0.72 - the laminar Prandtl number 
PRMTTJR 

CAYPRM 
formulation for the viscosity 

GAMA = 1.40 - the ratio of specific heats for 
“perfect air 
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- TEMPR I 

- VISTR - 

t he  one-dimensional array of 8 values for  
t he  species m o l e  f rac t ions  of a i r  a t  a spec i f i c  
refere  ce condition (taken t o  be p = .0807 
l b m / f t  and 1330O~, (c,f,, Reference 3 )  

XMOLE: (I) @I Xo = -209727 

(2)  XN2 = .778987 

( 3 )  = x - = - 2 5 ~ 1 0 ' ~  

9 

2 

- 
e 

(4) 5 x = ,009288 

(5) x = .25x10 
-6 AR 

N 

(7)  E x -+=. .25x1Ow6 
-6 (8) E x = . 2 5 ~ 1 0  

NO 

. o  
50O0R - t he  reference temperature used i n  the 
u - Tn and i n  the Sutherland Law formulation 

lbf-sec 

f t  
3.58475~10'~ - the  reference v iscos i ty  

associated w i t h  the above reference tempera- 
t u re ,  TEMPR 

Another portion of t he  block-data rout ine contains pre-set 
values fo r  t he  order of the  interpolat ions which are done i n  
various portions of the program and t h e  number of points  used 
t o  numerically ca lcu la te  the der ivat ives  i n  cer ta in  routines.  
These da ta  are:  

LORDR2 = 
2 - used i n  ca l l  t o  LGRANG by subroutines 
P R F I L E  and XTERNL, respectively.  (Note: 
LGRANG requires the number of points  used 
i n  the interpolat ion (i.e., the  order +1) 
I f  t he  order is t o  be changed, columns 31- 
and/or 32 on t h e  control card should contain 
t& order n_ot t& number cf points.)  

1 - used i n  the c a l l  t o  another version of 
t he  interpolat ion rout ine cal led LAGR. This 
service rout ine  i s  called by DEFINT, t w i c e  by 
FUNCT and by AXISYM, respectively.  
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= 1 - used i n  the c a l l  t o  LAGDER which calculates  
numerically, the der iva t ives  of certain 
quan t i t i e s  i n  subroutines I N I T L 1  and AXISYM, 
respective l y  .. 

NORRR1 
NORDR2 

The next sect ion of pre-set  data  values contains usual  
values of ce r t a in  of the  dependent var iables  and pre-sets  t o  
zero the  i n i t i a l  value of the  independent var iable  and the  
reference lengths. 

ETLDAO 

UEBARO 

C H I 0  

CHIBAR 

LREF 

= 1.- i n i t i a l  value of a modified coles 
scal ing parameter 

= 1.- i n i t i a l  value of the  edge veloci ty  
r a t i o  i n  the transformed plane. 

= 0,- the  i n i t i a l  value of the streamwise 
Reynolds nuniber - p Uep(x-xo)/p 

= 0,- the  independent var iab le  which is the  
Reynolds number i n  the  transformed plane, 

e,o 

= 0 , f t .  reference lengths for the axi- 
symmetric option LREF i s  equi- 
valenced t o  LBODY 

Pre-set values are  a l so  included f o r  the  mesh parameters 

D P S I  = 5.0 var iab le  grid-system parameters 
ALPHA = 1 - 3  (c.f.,  Pa r t  I, Figure 4) 

The l a s t  s e t  of pre-set  data  i n  the  block-data rout ine 
contains the  defaul t  values of parameters associated with the  
integrat ion.  

PHIMAX =loo. - the  maximum permitted value of the  
skin f r i c t i o n  parameter ( P H I  i s  one of the 
dependent var iab les )  e Should t h i s  value be 
exceeded, the program p r i n t s  an e r ro r  
message, the output array i s  dumped, and 
any p r o f i l e s  requested a re  printed.  The 
program then proceeds with the  next case. 
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CHIMAX = 0,1x109 - t he  m a x i m u m  permitted value of the  
s t r e a m w i s e  Reynolds number, a dependent 
var iable .  Should t h i s  value be reached i n  the  
course of the  computation, the  output a r ray  
is  pr inted,  any p r o f i l e s  requested up t o  t h a t  
point  'are pr in ted  and the  program re tu rns  t o  
the  input sect ion t o  ge t  the next case. This 
mode of case termination is  the standard one. 

DCHIBR = 5000, - the  i n i t i a l  in tegra t ion  s t ep  s i ze  for  
the  independent var iable ,  CHIBAR 

DCIMAX = 1 . 0 ~ 1 0 ~  - the  absolute value of the  maximum 
s t e p  s i z e  t h a t  the in tegra tor  i s  permitted 
t o  use 

ELEl  

ELE2 

- the one-dimensional array of 7 values, one 
corresponding t o  each of the 7 dependent 
var iab les ,  which is  the upper bound of the  
l o c a l  r e l a t i v e  truncation, e r ro r  for the  
respect ive dependent var iables .  I f  the e r ro r  
for  alhy var iab le  exceeds i ts  respect ive ELEl  
value, t he  computing in t eg ra l  i s  halved and 
the  in tegra t ion  r e s t a r t ed  a t  the  beginning 
of the  present in te rva l .  I f  the e r ro r  for  
a l l  the  var iab les  is less than 1/128 of 
t h e i r  respect ive ELE1 values, the  computing 
in t e rva l  i s  doubled fo r  the  next in tegra t ion  
s tep .  The pre-set  values of the ELEl array 
aze shown below. 

- the  one-dimensional array of 7 values which 
represent a " r e l a t i v e  zero" fo r  the  
respective dependent var iable .  If  the 
absolute value of any of the  dependent 
var iables  is l e s s  than i t s  respect ive ELE2 
value, the r e l a t i v e  e r ro r  c r i t e r i o n  fo r  the  
var iab le  w i l l  not  be applied. The pre-set  
values for  the ELEZ a r ray  a r e  a l so  shown 
below. 
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A summary of the  pre-aet data  and de fau l t  values a re  presented 
i n  a separate t ab le  fo r  quick reference a t  the  end of this 
report .  
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V I .  BUILT-IN ERROR MESSAGES 

"his program has been constructed with a subroutine called 
ItERROR" which p r i n t s  informative messages should trouble 
develop i n  the normal course of a computation. This subroutine 
may be cal led by any program rout ine and has a separate s e t  of 
program termination logic. 

Not a l l  e r ror  messages a re  f a t a l  ( i . e . ,  terminate the 
ca lcu la t ion) .  Some a re  merely informative and might possibly 
warn the  user that 'some parameter has exceeded its table range 
or  f a l l e n  outside the l i m i t s  of appl icabi l i ty  of some curve 
f i t .  In  these cases, the informative message i s  printed and 
control  i s  returned t o  the  rout ine which cal led ERROR. 

I n  most cases, however, the e r ror  message indicates  t ha t  
the program has had some serious trouble w i t h  a par t icu lar  
portion of the calculation. I n  these cases, the program is 
terminated by the e r ror  rout ine a f t e r  the e r ror  message has 
been printed.  The' termination procedure is to:  

(1) c a l l  the output routine which p r i n t s  the present 
contents of the output array. "his array w i l l  contain the 
r e s u l t s  of a l l  the calculat ions for  a l l  the integration s teps  
since the l a s t  pr inted block. 

(2) c a l l  the  profile-generating-routine.  The f i r s t  of 
these, PRFILE, checks t o  see i f  any of the points a t  which 
p ro f i l e s  have been requested l i e  w i t h i n  the present output 
array range ( i - e . ,  a re  there  any remaining p r o f i l e  values which 
f a l l  within the present output array range for  x, Ree, or  Re,). 
I f  there  are,  p ro f i l e s  for  these remaining points a re  generated 
along with p ro f i l e s  a t  the  very l a s t  complete integrat ion step 
and a l l  a re  printed.  The program then returns t o  MAIN where 
in t e rna l  switches a re  r e se t  and new input data  i s  sought, 

"he following t e x t  describes these e r ror  messages, 
indicates  what routines c a l l  them and discusses the information 
they contain : 
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Error 
Nurrber Description 

3 

4 

5 

6 

Error detected i n  subroutine 'STICKY' - the 
temperature a t  which the species enthalpy and 
species entropy a re  t o  be evaluated f r o m  curve 
f i t s  i s  higher than the upper bound of 
temperature over which the  f i t  is val id .  The 
temperature and pa r t i cu la r  species a re  
pr inted;  the  upper bound values a re  used and 
the  program re turns  t o  the  ca l l i ng  rout ine 
and continues. 

Called from subroutine "'STICKY' - an attempt 
a t  computing the  temperature given the  mixture 
enthalpy and the  pressure has f a i l ed  t o  
s a t i s f y  the  prescribed value of enthalpy within 
a r e l a t i v e  e r ror  of lom6 a f t e r  10 i t e r a t ions .  
ERROR p r i n t s  t he  l a s t  i t e r a t e  for  the  temperature 
and the  species number. The program uses t h i s  
l a s t  i t e r a t e ,  re turns  t o  the  ca l l i ng  routine 
and continues - 
Called from subroutine ' STICKY' - t h e  temperature 
has become negative during some i t e r a t i o n  i n  
solving for  the  temperature given the  pressure 
and the  mixture enthalpy. ERROR p r i n t s  the  
value of the  temperature and the  nurclber of 
i t e r a t i o n s  performed t o  t h i s  point.  The program 
terminates using the procedure described above. 

Called from 'STICKY' - attempt a t  computing the  
temperature given the pressure and the  mixture 
enthalpy f a i l s .  (A r e l a t i v e  e r ror  of on the 
enthalpy is exceeded.) Error p r i n t s  the i n i t i a l  
quess a t  the temperature and the  value of the 
temperature as computed a f t e r  the  l a s t  i t e r a t i o n  
( t h i s  l a t t e r  temperature is  pr inted i n  integer  
format). The program uses t h i s  l a s t  value of 
temperature, r e t u r n s  t o  the  ca l l i ng  rout ine and 
continues. 
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Error 
Number pescr ip t ion  

7 

8 

9 

10 

11 

Called from entry poin t  'PERFCT" i n  
subroutine 'STICKY' - the temperature i s  
outside the  range of v a l i d i t y  02 Sutherland's 
Law ( 180'Rto 3400OR). ERROR p r i n t s  t he  
temperature and v iscos i ty  computed from it, 
the  la t te r  multiplied by 1 
t o  the  ca l l i ng  rout ine (Note: th is  .error 
message w i l l  be pr inted a maximum of 5 t i m e s  
i n  any one case). 

P o l o l  and returns  

Called from ent ry  point  'PERFCT' i n  szibroutine 
'STICKY' - t he  temperature i s  outside the  range 
of v a l i d i t y  o f .  a simple power law, p - Tn, 
var ia t ion  fo r  t h e  v iscos i ty  (300"~ to 9000~). 
ERROR p r in t s  the  temperature and viscosi ty ,  the  
l a t t e r  multiplied by 1 x l o l o  and returns  to. the  
ca l l i ng  routine.  (Note: t h i s  e r ro r  message w i l l  
be printed a maximum of 5 t i m e s  i n  any one case) .  
Called from subroutine INITL~ - an enthalpy 
computation i n  the  external-velocity input 
option has not  converged i n  30 i t e r a t ions .  
The l a s t  values of t he  enthalpy and the  number 
of i t e r a t i o n s  a r e  pr inted by ERROR and the  
program is kerminated as  described 'above. 

Called from subroytine 'GENL7X' - the 
temperature has exceeded the  maximum range of 
some f l t  fo r  the species enthalpy or entropy. 
ERROR p r i n t s  both t h e  temperature and species 
number. The program returns  t o  the ca l l i ng  
rout ine and continues using the upper bound 
values (. 

Called from subroutine - 'GENL7X'  - prescribed 
values of the mixture enthalpy o r  eptropy have 
not  been s a t i s f i e d  t o  a r e l a t i v e  tolerance of 
10-6 a f te r  10 i t e r a t i o n s  i n  attempting t o  
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Error- 
Number 

l l ( con td )  eo t e  the temperature given the pres 
and one of the above, The input value of the 
enthalpy or  entropy and the last iterate, the 
l a t t e r  i n  integer  format, a r e  pr inted,  This 
l a s t  i t e r a t e  i s  returned t o  the  ca l l i ng  program 
and is used t o  continue the computation. 

12 

E3 

14 

Called from.'GENL7XV - a pressure, temperature 
input problem has not converged i n  30 i t e r a t ions .  
The pressure and the temperature, t he  l a t t e r  i n  
integer format, a r e  printed by ERROR, the  
program returns  t o  the ca l l i ng  routine and continues 
the computation using the  l a s t  i t e r a t e s  for the 
mixture enthalpy and entropy. 

Called from 'GENL7X' - i f  between two successive 
i t e r a t ions  for a pressure - temperature problem, 
the residual  vector used i n  the chemistry 
formulation has not decreased, the value of the 
relaxation fac tor  used t o  f ind a solut ion t o  
the c@emical system w i l l  be reduced. This 
relaxation factor  is reduced u n t i l  the residual  

vector begins t o  decrease from i t e r a t i o n  t o  
i t e r a t ion ,  This er ror  message indicates t ha t  the 
relaxation factor  has been reduced for 10 
consecutive pressure-temperature i t e r a t i o n s  and 
the residual  vector has not decreased. The 
program terminates using the above described 
procedure. New guesses for  the mole fract ions 
should be made and the run resubmitted. 

Called from subroutine'INITL1' - the  per fec t  
gas option section - the  s t a t i c  enthalpy is 
negative, The veloci ty  from which it was 
computed i s  printed by ERROR along w i t h  the 
array posit ion of the X t ab l e  value. The 
calculat ion is  then terminated 
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Error 
N c m b e r  Description 

15 

16 

1 7  

18 

19  

Same as e r ro r  message (14) but  cal led from the  
e q u i l i b r i u m  chemistry sect ion of I N I T L l  and 
associated with the  s t a t i c  enthalpy a t  t he  
i n i t i a l  point ,  The calculat ion is  terminated 
a f t e r  t he  e r r o r  message is pr inted.  

Same as  error message (14) b u t  cal led from 
general locat ions i n  the  equilibrium chemistry 
option section of INITL1, A s  above, t he  cal-  
culat ion is terminated a f t e r  the e r ror  
message is  printed., 

Called from subroutine 'THERMO' - the  s t a t i c  
enthalpy has become negative - ERROR now p r i n t s  
the  to t a l ' en tha lpy  and the ve loc i ty  ( the  l a t t e r  
i n  integer  format) used i n  t h i s  calculat ion 
ana the  program terminates. 

Called from subroutine ' C O W '  - the  Newton- 
Raphson i t e r a t i o n  technique used i n  CONV t o  
determine ETABAR as a function of PSI  i n  the 
wake region has not converged i n  50 i t e r a t i o n s ,  
ERROR p r i n t s  the  i n i t i a l  guess for  the roo t r  
i .e- ,  the  l a s t  value of ETABAR obtained, and 
the  e r ro r  indicator ,  KE. The program then 
terminates e 

Cal-led from 'FUNCT' - the interpolat ion t o  
find the  in t eg ra l  I3ETA v i a  subFoutine LAGR 
has not succeeded, ERROR p r i n t s  the l a s t  value 
of the  answer from LAGR and the e r ro r  indicator ,  
KE, which is e i the r  1, 2 or  3 depending upon 
whether the  argument was below the  lowest t ab le  
value, above the  l a rges t  table value or  the  
n u d e r  poin ts  w e r e  i n su f f i c i en t  for interpola- 
t ion ,  respectively.  The program then terminates 
i n  the  prescribed manner. 
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Error 
Number Description 

20 - 24 Called from various locat ions i n  subroutine 
'DEFINT' - the  service rout ine,  LAGR, which 
performs Lagrangian interpolat ion t o  determine 
the  quant i t ies  MUTLDA, RTILDA and ISETA 
a t  t he  edge of the  laminar sublayer, has f a i l e d  
t o  in te rpola te  successfully.  The s a m e  message 
information is pr inted i n  this case as  is 
pr inted i n  e r ro r  message (19) above, and the 
program is  terminated. The quant i t ies  associated 
with the pa r t i cu la r  e r ror  numbers a re  indicated 
below. 

0 

2 1  

22 

23 

24 

25 

26 

Quantity 
beinq sought 

I3ETAS 

RTLDAS 

I3ETAS 

RTLDAS 

Proqram option 

p - Tn 

Suther land s Law 

Called from subroutine 'PROFIL' - t o  evaluate 
the  in t eg ra l  I3ETA the  serv ice  routine ' T R A P I N '  
i s  ca l led  upon t o  perform the  integrat ion by 
quadrature using the  trapezoidal ru le .  I f  
some reasonable number of i t e r a t i o n s  (50) a r e  
exceeded i n  the  attempt t o  perform t h i s  in te -  
grat ion,  t h i s  e r ro r  message is printed along 
with the  l a s t  value of the  in t eg ra l  and the  
number of i t e r a t i o n s  performed. The program 
then terminates. 

Called from subroutine 'MAIN' - PHIMAX, the  
maximum value of the skin f r i c t i o n  parameter, 
has been exceeded. ERROR now p r i n t s  the  l a s t  
value of IETMAX, an indica tor  of the  boundary 
layer growth, and IINTRL which indicates  
the  integrat ion s tep.  The program then 
terminates i n  the  standard e r ro r  mode. 
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Error 
Number Description 

27 

28 

29 

30 

Called from subroutine 'DERSUB' - the  matrix 
which has been presented to  the serv ice  
rout ine S I M Q  t o  i nve r t ,  is s ingular ,  The 
e r ro r  rout ine p r i n t s  the  values of t he  skin 
f r i c t i o n  parameter, PHI  and the  in tegra t ion  
s tep ,  I INTRL.  ERROR now p r i n t s  the  contents 
of the  coef f ic ien t  array,  AA, and the  so lu t ion  
veqtor, COLD, before  the  inversion was attempted. 
The program then terminates i n  the  standard 
e r r o r  mode. 

Called from 'MAIN' by the  in tegra t ion  package 
'INTlA', ERROR p r i n t s  the  in tegra t ion  package 
e r ro r  indicator ,  IERR, which indicates  t h a t  the 
ELT t ab le  was not monotonic if IERR=2 or t h a t  
I N T l A  has run i n t o  truncation e r ro r  problems 
( i ;e . ,  IERR=3 or 4 ) .  I n  addition, ERROR p r h t s  the  
l a s t  value of the  independent var iab le ,  CHIBAR. 
The program is then terminated, 

Called from subroutine 'DEFINT' - the  serv ice  
rout ine,  LAGR, has t r i e d  t o  f ind  I3EDGE from a 
t a b l e  of I3ETA vs ETABAR by Lagrangian i n t e r -  
polat ion and has fa i led .  The same message in- 
formation is  pr inted i n  t h i s  case as  is pr inted 
i n  e r r o r  message (19) above and the  program i s  
then terminated. 

Called from subroutine 'THERMO' i n  t h i s  case,  
THERMO is  required t o  evaluate the  in t eg ra l  
I3ETA v i a  the  service routine TRAPIN (c. f -, 
e r r o r  message (25) ) . The e r r o r  message pr inted 
i n  t h i s  case is the same as  is pr inted i n  e r ro r  
message (25) (. The computation is then terminated, 
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Error 
Number 

31 

Description 

32 

33 

34 

Called from subroutine 'MAIN' - the  skin f r i c t i o n  
parameter, has exceeded the maximum value 
permitted, i - e , ,  PHI > PHIMAX, The e r ror  rout ine 
p r i n t s  the  values of CHI,  the  streamwise 
Reynolds nuniber and IETMAX, a mesh s i z e  
parameter, and terminates the  calculation. 

Called from subroutine 'INITL1' - the Mach 
number input option has been mistakenly selected 
with the option for  equilibrium chemistry- This 
input option does no t  provide enough information 
t o  do an equilibrium chemistry calculation. The 
user i s  advised t o  check the  input data  and h i s  
control  card select ions.  

Called from 'FUNCT' - interpolat ion t o  f ind 
RSTARI v i a  the service rout ine,  LAGR, has not 
succeeded, ERROR p r i n t s  the  l a s t  value of the  
answer from LAGR and the  error indicator ,  KE, 
which is  e i the r  1, 2 o r  3 depending upon 
whether the  argument was below the  lowest t ab le  
value, above the  l a rges t  t ab l e  value o r  the  
number of table points were in su f f i c i en t  for 
interpolat ion,  respectively,  The program then 
terminates i n  the  standard e r ro r  mode. 

Called from 'FUNCT' - interpolat ion t o  find 
DRSDXI v i a  the LAGR in te rpola t ion  rout ine has 
f a i l ed .  The same error  message is pr inted i n  
t h i s  case a s  i n  e r ro r  (33 )  above, The program 
then terminates  a s  indicated above, 
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Error 
Number Description 

35  - 3 9  Called from various locat ions i n  subroutine 
'AXISYM' t he  service routine,  LaGR, which 
performs a Lagrangian interpolat ion to  determine 
the  quan t i t i e s  RSTARO, XO, XL, RSAXI, and XSAXI 
which are required i n  the  axisymmetric option 
t o  make the  transformation t o  two-dimensional 
coordinates, has f a i l ed  t o  in te rpola te  
successfully.  
t i o n  is  pr inted i n  t h i s  case a s  is pr inted i n  
e r ro r  messages ( 3 3 )  and (34) above and the  
program is terminated. The quant i t ies  associated 
with pa r t i cu la r  e r ro r  numbers are 

The same 'error message informa- 

3 5  

36 

37  

38 

3 9  

40 

Quantity being souqht 

RSTARO 

xo 
XL 

RSAXI 

XSAXI 

Called from 'AXISYM' - i n  t h i s  case, AXISYM 
i s  required t o  ca lcu la te  the  transformed 2-D 
coordinate using the  service routine TRAPIN. 
(c.f . ,  e r ror  message (25)  ) *  The e r ro r  
message printed i n  t h i s  case i s  the same as is  
pr inted i n  e r ro r  message ( 2 5 ) .  The computation 
i s  then terminated i n  the  standard e r ro r  mode. 
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V I J .  PRO OUTPUT 

T h i s  section describes the format of the program 
output for the.various program options t h a t  may be selected,  
defines the notation used i n  the output format and presents some 
samples of the output for  i l l u s t r a t i o n .  

The first page of output spec i f ies  the system of 
u n i t s  t ha t  w i l l  be used for  a l l  output quant i t ies  (note: a 
d i f f e ren t  system of u n i t s  may have been selected for input) 
and the major options tha.t have been chosen. I n  addition, the 
ident i fying information which has been punched on the three 
comment cards used t o  terminate the input data for each case, 
a r e  printed.  

The second page p r i n t s  the values of the input and 
computed f r ee  stream or  reference conditions, spec i f ica l ly  
the veloci ty ,  pressure, temperature, Reynolds number per foot,  
stagnation enthalpy, and reference length. Below t h i s  a re  
printed the maximum n u d e r  of mesh points i n  the $-direction 
being used, the number of integrat ion s teps  between adjacent 
l i n e s  of pr intout  and the  values of the mesh parameters, ALPHA 
and D P S I .  I n  addition, the  program p r i n t s  the par t icu lar  
var iable  name (x, Ree or  Re,) t ha t  has been chosen fo r  
p r o f i l e  generation, and the values of t h a t  var iable  a t  which 
p ro f i l e s  w i l l  be printed.  I f  no p ro f i l e s  a re  requested, a 
message t o  t h a t  e f f e c t  i s  a l so  printed. The l a s t  item on 
t h i s  page is  a pr intout  of the control card indicators t h a t  
have been selected.  

The next page is a pr intout  of namelist OVRIDE and 
contains : 

a)  a l l  the values of the quant i t ies  t h a t  have been 
selected by  the  user along w i t h  

b) a l l  the defaul t  options and pre-set data  t h a t  
the program w i l l  use i n  the course of the 
computation. 

Following OVRIDE, namelist FLUID i s  printed and lists 
a l l  the thermodynamic and t ransport  properties the program w i l l  
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use i n  the  course of the .ca lcu la t ion ,  This output is made 
of user-changed-values and remaining de fau l t  o r  pre-set values. 

The following two pages contain all t he  w a l l  and edge 
condition information which has been input or generated by the  
i n i t i a l i z a t i o n  portions. of t he  program output .in a var iab le  
namelist-type format a These quan t i t i e s  a r e  pr inted with t h e i r  
program var iab le  name$ and are, i n  the  order i n  which they 
are pr inted : 

x ( f t  or meters) - the a x i a l  coordinate along the 
body a t  which external  pressure,  
veloci ty ,  or Mach number 
d i s t r ibu t ions  are prescribed. 
For t h e  axisymmetric case, x 
w i l l  be the  dimensional values 
of  the transformed 2-D ooordinates 
and w i l l  not compare with the 
non-dimensionalized input values 
of ax ia l  distance.  

- t he  external  pressure d i s t r ibu t ion  2 2 
PE ( l b f / f t  o r  Newtons/m ) 
DPEDX(lbf/ft2/ft or Newtons/ and i ts  der iva t ive  w , r . t ,  ax i a l  

m2 /m) distance, respectively.  

UE (ft/sec or  meters/sec) - t h e  external  veloci ty  d i s t r ibu t ion  
DUEDX(ft/sec/ft o r  meters/ and i ts  der iva t ive  w . r . t ,  a x i a l  

sec/meter) distrance, respectively.  

3 RHOE(Slugs/ft o r  kilograms/ - t h e  external  densi ty  d i s t r ibu t ion  

DROEDX (S1ugs/ft3/ft o r  kg/m3/m) distance,  respectively.  

EMUE (lbf-sec/ft2 o r  Newton- 

m3 1 and i t s  der iva t ive  w . r , t ,  ax i a l  

- the ex terna l  v i scos i ty  d i s t r i -  
bution and i t s  der ivat ive w . r , t .  
a x i a l  dis tance,  respectively. sec/m2) 2 

DMUEDX (lbf-sec/ft or  
Newton- s ec /m2/m) 

- t h e  s t a t i c  enthalpy d i s t r ibu t ion  2 HE ( f  t /sec2 or  Joules/kg) 
of the ex terna l  stream. 

- t h e  constant pressure spec i f i c  2 2 0  
C P E ( f t  /sec R o r  

Joules/Kg OK) hea t  capacity of t h e  external  
s t r e a m .  
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- the  thermal conductivity d i s t r i -  
0 

TRmKE (.lbf /secoR o r  
Joules/meters sec K) bution of t h e  external  f lu id .  

Em-dimensionlqss' 
DEPILEDX- ( f t -1  o r  m e t e r - 1 )  

- the  'external Mach number d i s t r i -  
butian and i t s  der iva t ive  w . r , t .  
ax ia l  distance.  

P 
TE(OR o r  K) - the  external  s t a t i c  temperature 
DTEDX ( O R / f t  o r  Wmeter 1 d i s t r ibu t ion  and i t s  der iva t ive  

w . r . t .  t he  ax ia l  distance. 

IUHOWQ(slugs/ft o r  kgs/m 1 - the  density,  v i scos i ty  and 
EMUWO ( 1b.f-sec/ft2 o r  

Newton-sec/m2 ) 
TMI,KWO ( lbf /secoR _or 

3 3 

thermal conductivity, respect ively 
of the  f l u i d  a t  the wall a t  
the f ree  stream or  reference 

0 Joules/meter sec K )  cond it ions. 

- the  density,  v i scos i ty  and 3 3 RHOW(slugs/ft or  kgs/m ) 
EMUW(lbf-sec/ft' or thermal conductivity d is t r ibu t ions ,  

Newtons- se c/m2 
TRMLKW ( Ibf/sec OR or  

respectively of the f l u i d  a t  
the wal l -  

0 Jou les / m e t  e r- se c K) 

The r e s u l t s  of the  integrat ion of the  governing equations 
a re  stored i n  an array the  length of  which ( i - e . ,  the number of 
rows) i s  specified by the  user. (c.f., columns 10-12 on the 
control  card by '  the parameter KTEST.) The output of t h i s  
information i s  separated i n t o  f ive  categories,  each of which 
i s  pr inted every t i m e  t he  output array is  printed.  This 
p r in t ing  normally takes place when t h e  output array i s  f i l l e d  
t o  the  ,user specif ied length. The exception t o  t h i s  occurs 
when the program i s  prematurely terminated a t  w h i c h  t i m e  t he  
present  contents of the  output array a re  printed regardless of 
i t s  present length. 

"he f i v e  blocks of information pr inted i n  the order i n  
which they appear are: 
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Properties i n  the  Transformed Plane 

A, Dependent V a r i a b l e s  - The independent variable 
CHIBAR, is pr in ted  followed by the  7 dependent var iables ,  
PHIBAR the skin f r i c t i o n  parameter, PI iCoPes  wake parameterB' 
RBAR, the  transformed .Reynolds number based on boundary layer 
height ,  UEBAR, normalized edge veloci ty ,  ETATI 
Coles sca l ing  parameters, and CHI,  the  streamwise Reynolds 
number. 

B. Boundary Layer Properties - The independent var iab le  
CHIBAR, is pr inted followed by 7 boundary layer parameters which 
include CFBAR, the  skin f r i c t i o n  coef f ic ien t  i n  the  incompress- 
i b l e  plane, HBAR, t he  incompressible form fac tor ,  RDLTBAR, t he  
transformed Reynolds number based upon the transformed boundary 
layer height,  RBRDLSTR, t he  transformed Reynolds number based 
upon the  incompressible displacement thickness, RTHETABR, the  
transformed Reynolds nufiber based upon the  incompressible 
momentum thickness CFRTHT/2, (1/2) the  product of skin f r i c t i o n  
coef f ic ien t  and momentum thickness Reynolds number, and 
TAULAW, the r e s idua l  value of C o l e s  skin f r i c t i o n  law (Eq. ( 3 8 )  
part  I ) ;  i dea l ly  t h i s  parameter should be iden t i ca l ly  zero. 

C, Derivatives of t he  Dependent Variables - the  
independent va r i ab le  CHIBAR is pr inted followed by- the de- 
r iva t ives  of the  7 dependent var iables  l i s t e d  i n  (A) above, 
These a re  PHIBARP, PIP ,  RBARP, UEBARP, ETATDAP, SGMA'TLDP, 
CHIP,  respect ively,  

Propert ies  i n  the  Corresponding Physical planes 

The output of t h i s  information is contained i n  t w o  p r i n t  
blocks. 
followed by QF, the skin f r i c t i o n  c0efficient-i.n the  compressible 
plane, H, the  compressible form fac to r ,  RDELTA, the  Reynolds 
nuniber based upon boundary layer  height ,  RDLTSTR, the  Reynolds 
nuniber based upon boundary layer displacement thickness, RTHETA, 
the  Reynolds number based upon momentum thickness, DLTASTR, the  
boundary layer displacement, thickness and THETA, the  boundary 
layer momentum thickness 

The f i r s t  contains the  dis tance along the  body, DE 

The second group of these starts again with the'displacement 
along t h e  body, DELTAX, and i s  followed by t h e  wall  conditions 
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T4PLDAW4 L, ROTLDAW, and MUTLDAW which a r e  the wall values 
of the  temperature, t o t a l  enthalpy, density and viscos i ty  
of the f lu id  normalized t o  t h e i r  respective edge values, The 
last three columns of t h i s  block contain the heat  t r ans fe r ,  
QDOTMo the Stsnton number, ST, and the parameter 2ST/CF. 

I f  p ro f i l e s  a r e  obtained, t he i r  output i s  presented i n  
two p r i n t  blocks. The f i r s t  is headed by a statement indicating 
a t  which s t a t ion  the p ro f i l e s  were generated and what the 

remaining two parameters are  printed d i r e c t l y  below, 
r o f i l e  var iable  was ( i e e e ,  x, Rego Re,), The 

Preceeding t h i s  f i r s t  p r o f i l e  block a r e  two smaller 
blocks o f  information representing the interpolated values 
of t he  dependent var iables ,  t h e i r  der ivat ives ,  the boundary 
layer propert ies  and the external quant i t ies  corresponding t o  
the  x, Ree or Rex value which has been selected by the user., 
This information i s  immediately followed by the p ro f i l e s .  

The output format for the p ro f i l e s  presents the  
transformed coordinate, ETAEAR; the physical height,  normalized 
w , r , t  boundary layer height ETA; the  corresponding 
stream-function coordinate, PSI; the  normalized t o t a l  enthalpy 
G, and the normalized veloci ty ,  density, v i scos i ty  and s t a t i c  

erature ,  UTILDA, RTILDA, MUTLDA, and TTILDA, respectively 
i n  t he  f i r s t  p r o f i l e  b.lock. The second block, repeats the 
normalized physical height,  ETA; and then presents a Reynolds no. 
based on transformed local  external conditions and a transformed 
height,  RYBAR; the  boundary layer physical  height,  Y; the  Reynolds 
wufier  based 'on external  conditions and the normal coordinate, 
RSUBY; and the shear s t r e s s  function, eddy v i scos i t i e s ,  and mixing 
length: TAUFCT, EDDY1, EDDY2, and M I X ,  respectively.  

A sample of the output of a compIete two-dimensional case 
i s  presented on the  following pages including a sample of the 
p r o f i l e  output a t  one pa r t i cu la r  point.  Note the e r ror  message 
pr inted a t  the end of the output of the edge condition infor- 
mation warning the user t h a t  the  temperature range for  the 
p - ?.law has been violated,  

For the  case of an axisymmetric problem two additions t o  
the output format should be noted, Following the output of a l l  
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the  thermodynamic and t ransport  p roper t ies  under the  control  
of namelist, FLUID., another namelist, RBODY, i s  pr inted which 
contains e i the r  the table of input values of the  normalized 
r a d i a l  coordinate, RSTAR(r*), o r  the  table of polynomial 
coef f ic ien ts  which w e r e  input for  use with the  curve f i t  
geometry option. 

A f t e r  the  normal p r in t ing  of the  f i v e  block output a r rayp  
two addi t iona l  blocks a re  pr inted.  These contain the  axi- 
symmetric counterparts of the  proper t ies  i n  the  corresponding 
physical planes, An example is  included a t  t he  end of the  
sample output 
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PERFECT GAS OPTION WITH CONSTAN? SPECIFIC HEAPS 

PERFECT GAS PROPERTV CHANGES 

VISCOSITY MODEL TAKEN IS MU PROQOR'PXONAL TO T 



FPEE STREAV OR PEFERENCF COkDITIONS 

WFLOCITY I 3 4 5 3 . 0 9  PRESSUDF p1 5 . 7 1 8 2  TEMPERATURE = 1 0 7 . 4 2  
W Y b i O L O S  NO./FT = 1 . 2 @ 9 3 4 7 E + 0 6  STAB.ENfHALPY = 6.606599€+06 REF.LENGTH = 0.00 

M P X I W U M  NO.OF MESH POINTS IN THE V D IRECTION IS 5 0  
P R I N T  DENSJTV 1 5  EVERY 1 STEPS 

MESH FA *A MFTE 9s ALPHA = l e 3 0 0 0 0 0 € + M  DELTA P S I  5 ~ 0 0 0 0 0 0 E * O O  

PROFILFS WILL RE PDINTFD AT RETHETA = 1.3000onE.*04 3 e 0 0 0 0 0 0 E * 0 4  

I VD T C A TOPS 



cn 
0 







S T K S T C R  

X 

PE 

UE 

DUEnx 

RHOF 

DROEOX 

EMUF 

DMUFDA 

HE 

CPF 

TRMLKt 

EVE 

TE 

cn 
W 

0.0, O . I E * 0 S . r  0.0. 0.0, 0.0. o.o* 0.0, o.o* 0.0. 0.01 
0.0. a.nI 0.0. 0.0. 0.0, 0.0. 0.0. 0.0, 0.01 0.01 0.0. 
0.0.  0.0, 0.0. n.0, 0.0. 0.0, o . o q  0.0- 0 . 0 1  0 . 0 ~  0.0, 

u . s ~ I ~ ? ~ F * ~ I .  o.a71~24~+ni. b.0, 0.0. 0.0,  0 . o ~  0 .09  0.0, 
0.0. n.~. 0 . 0 .  n.0. 0.0. 0 . 0 ,  0 . 0 1  0.0, o.o* n.o* 0.0. 
0.0. O . P .  0.0. 0.0. 0.0, 0 . 0 .  0.0. 0 . 0 ~  0.0, 0 . 0 ~  0.0, 
0.0. 0 . 0 .  

0.0,  0 . 0 ,  0 .0.  0.0~ 0.0. 0.0,  0.0, 0.0,  0.0. 0.0. o . o o  
0.0- O . P .  0.0. o . n r  0.0, 0.0. 0.0. 0.0, 0 .01  0.0, 0 . 0 ~  
0.0.  0.n. 0.0. 

0 . 0 ,  0.0, 0.0. 0 . 0 ,  0.0. 0 . 6 ~  0 . 0 ~  0.0, 0.04 0.0, 0.0. 
0.0. n .P.  n.OI 0.0, 0 . 0 ~  0 . n ~  0.01 0.0, 0.0, 0 . 0 9  0.0, 
0.0. n.nl 0.0. 0.0, O . O v  0.0, 0.04 0.0, 0.0. 0.01 0.0, 

0.~ln449s57~~8hsE-nsr s.310*4995262Rb9E-O*. 0.0, 0.0, 0.0, 
0.0. 0.@- 0.0.  0.0, 0.01  (1.09 0.0. 0.09 0.09 0.0, 0.0,  
0.0. 0.n. 0 .0.  0.0, 0 .0 ,  0.0. 0.0. 0.09 0.0, 0 . 0 1  0 . 0 ~  
0.0, 0.06 0.0. 0 .0 ,  0.0. 

0.0. o.n* 0 . 0 -  h.n, 0.0, 0.0, b . 0 1  0.0. 0.0, 0.0, 0.0. 
0 .0.  0.n. 0 .0 .  o . n i  0 . 0 ~  0.01 0.0,  0.0, 0.01 0 . 0 1  0.0,  
0 . 0 ,  a . b r  0.0. 0 . 0 .  0 .0 ,  0 . 0 ~  0 . 0 1  0.0, 6 .09 0 .0 ,  0.0, 

0.345309331F*O*, 0.345309331€*04. 0.0. 0.0, 0.0, 0.01 0.01 

O.R31s3R633?nA03€-07r n.83143843120*03€-079 0 .01  0.0. 0.0. 
0.0, 0 . f *  0 .0.  0.09 0.0. 0 . 0 1  0 . 0 1  0 .01  0 . 0 1  0.0, 0 .01  
0.n. 0.n. 0.0. 0.0,  0.0. 0.0. 0.0. 0 .01  0.01 0.0. 0.0.  
0.0. 0.0. 0.0. 0.0, 0.0.  

0.0. n.oe 0.0.  0 . 0 ,  0.0, 0 . 0 ~  0 . 0 1  0.0, 0.0, 0 .09 0.0, 
0.0. n.0. 0.0. 0.0. 0.0,  0 .0 ,  0.0. 0 .01  0 . 0 1  0 . 0 ,  0 . 0 ~  
0 . 0 .  0 . n r  0 . 0 .  n . n ,  0.0. D.0. 0 .0.  0 . 0 1  0.01 0 . 0 1  0.00 

0.n. 0 . 0 -  o e o *  n .ne  0.0,  0.09 0.01 0.01 0.0, 0.01 0.0. 
0 .0 .  0 . 0 .  0 . 0 ~  0 .0 .  0 .0.  o.n* 0.0. 0.0. 0 . 0 9  0.0- 0 . 0 ~  
0.0.  n . 0 ,  0 . 0 .  o.n,  0.0. 

~.h@n13hnl5~75k71;*ns. n.~0013b~153~567E*041 0.0, 0.0. 0.0, 
0 .0 .  0 . 0 ,  n.0. n.0, 0.0. 0 . 0 1  0.01 0.01 0.09 0.00 0.0. 
9.n.  C.F. n.0. 0.0. o.0. 0.0. 0.01 0.0. 0.01 0.0. 0.0. 
0 . 0 .  r . 0 .  0.0. 0.n. 0.0. 

o . n -  n.0. 0.0. n . o q  0.0. n . o +  O . O C  0.0, 0.01 0 . 6 ~  0 . 0 ,  
U . V .  n.0. u.@$ 0 . 0 ,  0 .n .  0 . 0 .  0.01 O,oI 0.0, 0.01 0 . 0 ~  
0.0, n.0. O,O. 0.n. o.n, 

~ . ~ 7 0 a ~ c q b ~ ~ 9 P 7 ~ t r n i .  0.679~99988A9~36E101~ 0 . 0 1  0 . 0 .  0.01. 
V . O .  c.0. O . U .  0.0. 0.0. 0.0,  0.0. 0.01 0 . 0 9  n.or 0 . 0 ~  
0.0.  p . n .  0 . 0 .  0.0,  n.b. 0 . 0 .  0.01 0.0. 0.01 0 . 0 ~  0 . 0 ~  
U . O .  r.1'. n . 1 ) .  0 . 0 ,  0.0. 

o . i 0 ' n 7 r o ~ s ~ 0 2 ~ i r ~ + @ 3 ~  n.l07420s@~~0207€+03~ 0.01  0.0, 0.0. 
U , L .  0 . r .  ~ ' . n *  n.n. 0 . 0 0  0.0. 0.0. 0.0,  0 .09 n . 0 ~  0.00 
r.0. n.0. n.0. n . n ,  n . o c  0.0. 0.01 0.0, 0.01 o . 0 ~  0 . 0 ~  
0.0. 0 . 0 .  n.0. 0.n. 0 . 0 .  

y.h40F77r2h?lhb*E*oh. n.b44672n?621664E+06v 0.0. 0.0. 0.0. 

u.h97n??L2kla7RQt-F~, 0.6930224Z818289E-03. 0.0s 0.0. O - O r  

0.01 0.01 0.01 0 . 0 9  0 .09  0.09 
O . O q  0 . 0 ,  0.01 0.09  0 .04  0 . o r  
0 . 0 1  0.0, 0 . 0 1  0.ov 0 . 0 9  o.o* 

0.ov 0 . 0 9  0.0. 0.09 0.0, n.0c 
0.0, 0.0. 0.O* 0.0, O.0r 0 . o v  

0.09 0.0, 0.09 O l O V  o e o 9  0 e O v  

0.0, 0.0, o . o *  0 . 0 1  0.0, @ . O *  
0.0, 0.01 0 . 0 1  0 . O v  0.0v 0.0, 

0.09 0.0. 0 . 0 1  0 . 0 9  0 .09  0 . 0 9  
0.0, 0.01 0 . 0 1  n . o q  u t o s  0.09 
0.0, 0 . 0 9  0.0. 0.0t 0 .0 ,  0.0, 

0.01 0.0; 0.09 0 .09  0.0, 

6.0, 0.0. 6 0 0 1  0 . 0 ~ .  d . 0 ,  0 . 0 ,  
0 . 0 1  0 . 0 1  0.69 0 . 0 9  o.o* o * o *  
b . 0 ,  0.0.  b e d .  0 . 0 b  0 . 0 9  

0.0,  0 .0,  0.0. 0.01 o q o 9  0.0, 
0.0, 0.0. 0 . 0 9  0 . 0 9  0.0t  0.09 
0.0, 0.0, 0 . 0 ~  o.oq  0 . 0 ~  0.0, 

o.ov 0 . 0 ~  0 . 0 ~  0 . 0 ~  0 . 0 ~  a.ol 
0.09 0 * 0 *  0.0, 0.0, 0.09 0.0, 
0 . 0 s  0 .0 *  0 .01  0 . 0 9  0.09 

0.0. 0.0. 0.0. 0.0, 0.0. 0.0. 
0 . 0 ~  0.0. o.br  ora+ 0.01 0.01 
0.0. 0.0. 0 . 0 9  0 . 0 1  0.0, 0.01 

0.09 0.0. 0.01 0.0, 0 ; O e  OsOe 
0.0. 0 . 0 s  O o 0 .  O * O .  0 . 0 ,  0.or 
0.0, 0.0. 0.0. 0.0. 0.0. O.0r 

0 . 0 .  o,u, 0.0- 0.09 0 . 0 1  0 . O P  
0.0. 0 .01 0.09 n e a r  0.0. 0.0* 
0.0, 0.0, 0 .09 O . O e  0-09 0.09 



0.0,  0.00 O . O P  0 .00  o.o* 0000  
0 . 0 1  0.uo 0 , O O  0.0, 5 . o e  0 . 0 9  
0.0. 0.0, 0.01 0 .00  0.01 Q o b s  

SENn 

ERRnu G 

C A L I  F U  FQnuQDFQFCTO,T( l7FC P ) =  275.18 M I I ( 1 I M E S  E l O I r  2129 T IS  OUTSIOE RANGE OF VALIDITY OF SPWPLE POWER LAW V l t R I A T l O N  

E P P O D  P 
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cn 
cn 

PROPERTIES IN THF TRANSFORMED PLANE 

DEPENDENT VARIARLES 

P I  

-2.4P488IE-01 
-2.471R57F-01 
-2.45088RE-01 
-2.4?3261E-01 

-2.39P395F-01 
-2.3OF882F-01 
-2.3P9964F-01 
-2.391734E-01 
-2.396009F-01 

-2.407826F-01 
-2.413809E-01 
-2.41919OE-Ul 
-2.42R393F-01 
-2.43~987F-01 
-2.44238hF-01 
-2.452726F-01 
-2.46F349F-01 - 2.4 L 7 5 07F - 0 1 
-2.47795hE-01 

-2.495607f-01 

- z . snnoon~-o i  

-2 .4n7437~-01 

-2.4n1280F-01 

- 2 . 4 ~ 5 9 7 9 ~ - ~ 1  

UERAR 
1.000000E+OO 
1.000000E+00 
lrOOOOOOE*OO 
i.onooooE*oo 
liOOOOOOE*OO 
i.noonooE+oo 
1.000000E*00 
l .~00000E*00  
1.000000E*00 
l.n00no0E+00 
i.noonooE*oo 
i.noooooE*oo 
i.ooonooE*oo 
l.~00000E+OO 
1.000000E*OO 
i.noooooE+oo 
i.noonooE+oo 
l.~00000E+OO 
1. nOOnOOE*Oo 
1.000000E*00 
i.noonooE*oo 
i.nnonooE+oo 
1.0000OOE+00 
1.nnon00F+o0 

ETbTILDA 
1.000000E*00 
9.962295F-01 
9.925737E-01 
9.856671€-01 
9.734276E-01 
9.629304F-01 
9.538115E-01 
9.3Rh*ROE-Ol 
9.264592F-01 
9.16368RE-01 
9.07R252F-01 
8.940143F-01 
8.832257E-01 
8.744786E-01 
8.6718R2E-01 
8.555YOOE-01 
8.066929F-01 
8.395534F-01 
8 .  ZR 6 4 R 0 € -0 1 
8.205799E-01 
8.14?76?E-01 
7.98OyOBF-01 8.048837~-01 

7.903890F-01 

SGHATLDA 
2.22516%-01 
2.216778F-01 
P.20864JE-01 
2.193275E-01 
2.16hOflE-01 
2.142682E-01 
2.122391E-01 
2.088649E-01 
2.061528E-01 

2.020064E-01 
1.9RQ332F-01 
1.065326F-01 
1.945862E-01 
1.929639E-01 
1.903852E-01 
1.884034E-01 
1.868147F-01 
1.843881E-01 
1.82592RE-01 
1.811901F-01 
1.791002E-01 
1.775886E-01 
1.758748E-01 

2 .0390r5~-01  

'CHI 
0. 1.186122E*05 

2.3*7682€*05 
4.632106E405 
9.15?518E*05 
1,36A928€*06 
i .824921~+06 
2.747608E*OB 
3.686375E*06 
4,640182EeO6 
5.607543E*06 
9.583261€+06 7.575486€+06 

1.162412E*07 1.3692646*07 

1.789250E+OT 
2.216585€*07 
2.649843E+OV 
3.52R965Eo07 
&.422568E*OP 
5 e 327383E e 0 7  
7.159?58€*07 
9.018797€+07 
le195949E*08 



5. 

PROPERTIES I N  THE TRANSFORMED PLANE 

DrHENSfONAL BOUNDARY LAYFR PARPMETERS 

7;123191E* 
1.512035E- 
4.621 159E. 

4 
3 
3 
1 
0 

6.588134E-10 
7,486261E-10 
2.724940E-09 
3.309204E-09 
3.507918L-09 
3.58381QL-09 
5.927282E-89 6.572106E-07 

6,78633OE-09 
6.868163E-09 

1.154780E-08 
1.186431E-08 

2.644255E-48 
2.718129E-Od 
50095148E-08 
5.55:565E-08 
7.689733E-08 

i . 0 5 6 9 4 8 e - n ~  

2.383505~-08 



PROPERTIES I N  THE TRANSFORMED PLANE 

DFRIVATIVES OF THE DEPENOFNT VARIABLES 

P IP  
3.257590E-07 
2.Rn?764E-07 
2.417116E-07 
1.808733E-07 
1.030591E-07 
b.91R492E-OR 
3.34295bE-OR 
M.091046E-09 

-b.21h102E-09 
-7.RRR100E-09 
-6.4709996-09 
-7 a 8591 22E-09 
-7.OQ4531E-09 

-5.19&579E-O9 
-4.335955E-09 
-3.h99211E-09 
-2.R7371PF-09 

-1.R99360F-09 
-1.&12372E-09 
-1. l lkh15F-09 

- 2 . n t 5 2 8 3 ~ - 0 ~  

-6.37nsh3~-09 

-2 .2 rn413~-09  

-d.34h3a2~-10 

RRARP 
3.931615E-02 
3.939869E-02 
3.945471E-07 
3.950507E-02 
3.944439E-0p 
3.926693F-02 

3.852658E-02 

3.756142E-02 
3.713841E-02 
3.040419E-0? 
3.579057E-0? 
3.52h840E-Ot 
3.4*1641€-02 
3.406640k-02 
3.346182E-02 

3.715417E-07 
3.152900E-0? 
3.102060E-02 
3.d2278P.E-02 
2.66?406€-0? 

3.9n7t.22~-0? 

~ . ~ O W Q F - O ~  

3 . 2 9 5 a i 5 ~ - 0 t  

? . R Q ~ L ~ I E - O ~  

UEBARP 
0. 
2.000@22E-18 

-1.219568E-18 
4.~99511E-19 
2.n32633E-18 
3.600422E-18 
3.926969E-19 
1.891796E-18 
3.654152E-19 
3.540966E-19 
1.721023E-18 
l.640140E-18 
3.147244E-19 
3.948728E-18 
1.472536E-18 

-8.397862E-19 
2.413608E-18 
2.58635OE-19 
1.220925E-18 
2.729307E-19 
1.120093E-18 

-6.3241R6E-19 
1.003399E-18 
9.459992E-19 

ETATLDAP 
-7.719311E-07 

-7.17A661E-07 
-6.625376E-07 
-5.644928E-07 
-4r874791E-07 

-7.425193E-07 

-4.2649AlE-07 
-3.372514F-07 
-2.756639E-07 

-1.975Y3OE-07 
-1.511254E-07 

-9.930090E-08 
-8a374323F-08 
-6.2Rll17E-OR 
-4.945732E-08 
-&.03409?F-08 
-2.8898ZOF-OR 
-2.207423E-08 
-1e767498E-68 
-1.227705E-08 
-9.214039E-09 
-6.47n26JE-09 

-2.31n971E-07 

-1.2n5Y19E-07 

SOMATLDP 
-1.717676E-07 
-1.6522308-07 
-1.597373E-07 
-1.474257E-07 
-1.256091E-07 
-1.084723E-01 
-9.490299E-OB 
-7.50441OE-08 
-6.133986E-08 
-5.142299E-08 
-4.396776E-OR 
-3.36?794E-08 
-2.683371E-08 
-2.209612E-08 
-1.863428E-08 
-1.397654E-08 
-1.300508E-08 
-8.976533E-09 
-6.430354E-09 
-4.911888E-09 
-3.921853F-09 
-2.731869E-09 
-7.0502lAF-09 
-1.439742F-09 

CHIP 
2.336389€*01 
2.348650€+01 
2.306310€*01 
2.273540€*01 

2.273285€*01 
2.289694€+01 
2,32R410€*01 
2.3671?3€*01 
2.402696€*01 
2.434574€+01 
2.486973E*01 
2.532014€*01 
2.569566€*01 
2.601233E*01 
2.649610€*01 
2 .69n602~+0 i  
2.123824€*01 
2.111513E+01 
2.811002E*01 
2.842035E301 
2.884960E*01 
2.921078€*01 
2.959245E*Ol 

2.263830€+01 



PROPERTIES IN THE cOOPESPONDTNR Puvsrcai. PLANES 

M 
1.504414E*01 
1.503705€+01 
1.503016E*01 
1.501695F*01 
l.Sn927SF+Ol 
1.5R7118F*01 
l.SRS188E+Ol 

1*5?Q128E*01 
1.576800E+01 
1~570791€*01 
1.5714?2F*01 
1.56AR12E+01 
l.%6608E+Ol 
1.564734€+01 
1.5hlh83E+01 
1.559267€*01 
1 .5~280E*01 
l.S5414?F*01 
1.SGl?JQE*Ol 
1.50979hE+01 
1.546791E*01 
1.5r451AE*01 
1 ., 5r1826E + O  1 

1.5a18?6€*01 

(IOELTA 
P0L8L133E+04 
7.694784E104 
7.907649Ei04 
R.333119€*04 
9.180667~*04 
lm00P239E*05 
1.085?99€*05 
1.251144E*05 
1.414273€+05 
1.575406E*05 
1.?34748E+05 
2.04R?QAE*05 
%.357350E*05 
2.661365~*n5 
2.96140hE*05 

4.13ni65E+os 
3.551424E*05 

4.699531Ec05 
5.8 154 0 5f d 05 
6.9nh551E+O5 
?.977763E+05 
1.00?280E+O~ 
1.211??6E+06 
1.5?3654E*Oti 

mnvm 
3.4zaia5~-02 
3.334911E-02 

3.52115OF-62 
J.706063E-02 
4.011464E-02 
4.431309E-02 
4.1862001?-02 
5.483112E-02 
6.165245F-02 
6.034808E-02 
7.493445F-02 
6.162876F-02 
1.004091E~01 
1.1L7216F-01 
1.24820OE-01 
1.484410F-01 
1.714381E-01 
1.939196E-01 
2.3?637JE-01 
2.800214E-01 
3,213402E-01 
4.01466RE-01 
4.789649E-01 
5.96081?E-01 

, W f T A  
2.091660E-03 
4.151079E~03 
2.210368E-63 
2.328311E-03 
2.56183TE-03 
Ze192041E-03 
3.019327E-03 
3.466209E-03 
3.904209E-03 
4.334608E-03 

5.5089418-03 
6.400329E-03 
Ta195608E-03 
?,917011E-03 
9.50524lE-03 
1.099419E-02 
1.245246E-02 
1.529053E-02 

2.0734312-02 
2.595402E-02 
3.101064€-02 
3.866077E-02 

4.~5a3t~~-o3 

1.a04565~-02 



PROPEQTIES I N  THE COORESPONDING P H Y S I C A L  PLANES 

GWALL 
4.9Qh139f-01 
*.99613RE-O1 
4.996138E-01 
4.996138E-01 
4.9Qh13AE-01 
4.996138E-01 
4.99613RE-01 
4.996138E-01 
4.99613RE-01 
4.99613AE-01 
4.99613RE-01 
4.996138F-01 
4.09613RE-01 
4.906138E-01 
4.9Qhl38E-01 
4,996138E-0 1 
4.QQ6138E-0 1 
4.99613flE-01 
9.99613RE-01 
4.996138F-01 
4.99613RE-01 
u.996138E-01 
4.996138E-01 
4.9Q613RF-01 

ROTLD/LW, 
1 e953 1 09E-0 1 
1.953109E-01 
1.951109E-01 
1.953109E-01 
1.953109E-01 
1.951109E-01 
1.959109E-01 
1~953109E-01 
1.953109E-01 
1.953109E-01 
1.951109E-01 
1.953109E-01 
1.957109E-01 
1.951109E-01 
1.953109E-01 
1.957109E-01 
1.953109E-01 
1.953109E-01 
1.953109E-01 
1.953109E-01 
1.957109E-01 
1.951109E-01 
1.957109E-01 
1.951109E-01 

QOOTU 
4.156115E-01 2.975295E-01 

2 ~ 7 b 4 6 0 4 E ~ O l  
2.57R137E-01 
2 e 383035E-0 1 
2.271 16OE-01 
2.191633E-01 
2.06359%-01 
le98Al23E-01 
1.929006E-01 
1.879TlJE-01 
1.T81278E-01 
1e722329E-01 
1e673032E-01 
1e630290E-01 
le54E475E-01 
le490243E-01 
1.446463E-01 

1e309103E-01 
1e26R001E~01 

1.144696E-01 
leOR1886E-01 

1.3Sa919~-01 

i . i a a 1 6 9 ~ - 0 1  

SToNO. 
9.127022E-04 
6.533886E-04 6.071200E-04 

5.233256E-04 
4.987§73€-0# 
4eAlir929E-04 
4.531750E-04 
4.366011E-04 
4.236186E-04 
4.127B39E-04 
30911769E-04 
3.782316F-04 
3.614056F-04 
30580193E-04 
3.387348e-04 
3.272643E-04 
3.1YbS01E-04 
2.98*249€-04 
2.874852F-04 
2.784589E-04 
2.609274F-04 
2.513806F-04 
r?.375872€-04 

5.64171nE-a4 



PROFILES AT S T A T I O N  QFTHFTA s 1.300000E*04 

X 3 15.161899 DFX2 5 1.954895€+07 

cn 
0 

HTLDYP- 0 .  

PSI 

b.onnoooE*on 
i . i 4noonF+o i  
1.995000E+01 
J . ~ Q J ~ O O E + O ~  
4.521550E*01 
h.378015E*01 
8.79.1419E*01 
1.19?885E*02 
1.600750€*02 
z . i 7n975~+02  
2aH?0267F*02 
3.71634RE*UZ 
4.HR1252EL02 
6.395627€+02 
6.364316E+02 
i . n ~ ? 3 6 1 ~ + 0 3  
1.*?5069E+03 
1.857590€*03 
2.419447F+03 
3.150427F*03 
* . i n i 0 ? 5 ~ + 0 3  
?.336398E*U3 
b. 942318E10 7 
~ . 0 3 n o i x * 0 3  
1.176402F*04 
1.5?7222F*04 
l.QR5889F*Oo 
~ . 5 a 2 1 5 5 ~ + 0 u  
.3.357302F*04 
4.364993E*04 
5.674991EsOU 
7.37?98RF*04 
Y.591884F*04 
1.246995E*05 
1. 6Pl143E40'3 
2.ln7536F.03 
L.??QH47E*f l3  

0 .  
UTILDA 

0.  

2.206791E-01 
2.906590E-01 
3.619407E-01 
4.775785E-fll 

5.160449E-01 

5.580992E-01 

1.455115E-01 

4.962326~-01 

s.3671156~-01 

s . ~ o i 2 2 2 ~ - n i  
6.026A3OE-01 

6 .?28455~-n i  
6.968~21~-111 
7. 21 0 7 5 0 ~ - 0 1  

7 . ~ ~ 0 2 ~ - n i  

8 .187889~-n i  
e .o29052~-n i  

9 .110669~-n i  

9.49Ozj6E-nl 
9.649421E-01 

i.noonooE+oo 
i.noonooE+oo 
i.noonooE+oo 
i.ooonooE+oo 
i.nnooooE*no 
i.noonooF*no 
I .noonooF+nn 

6.257021E-01 
6.491100E-01 

7.454566E-01 

7.946118E-01 

8.605415E-01 
8.893951E-01 

9.310833E-01 

9.RO46?5E-01. 
1.000000E+OO 



V 
0 . 
l.PR1939E-03 

3.013249E-03 
3.749178F-03 
4.572526E-03 
5.338516€-03 
b.?R0240F-03 
7.429204E-03 
R.R6?592F-03 

1.274177E-02 
1.534787E-02 
1.Q52325F-02 
2.23R357F-02 
2.706500E-02 
3.27?652E-02 
3.955202E-02 
4.775167E-02 
5.756239E-02 
b.93468nE-02 
8.3na830~-02 
9.939120F-02 
i.ia47io~-oi 
i.Pn6533E-01 
1.6k?R22E-01 
1.957594E-01 
2.295533E-01 
Z.67?R88F-01 
3.043694E-01 
J.457190E-01 
3.w~n34~-01 
4.684607F-01 
5.590153E-03 
6.767362E-01 
8,?07734€-01 
1. n?nY.Z2E*On 
1.2RY355F*00 

Z.?~JASRE-O~ 

i.n~n731~-02 

TAUFCT 

-3.652124E-04 
-1.203944E-03 
-2 750301E-03 
-5: 9090RZE-03 
-9.378148E-03 
-1,320165E-02 
-1.373937E-02 
-1.447070E-02 
-1.546339E-02 
-1.68OR33E-02 
-1,862127E-02 
-2.108313€-@2 
-2.439348E-02 
-2.884821E-02 
-3.6R3243E-02 
-4.285553E-02 
-5,358713E-02 
-6.789961E-02 
-8.691408E-02 
-1,120416E-01 
-1.450011E-01 

0. 

-i.a77776~-oi 
-2.424623~-ni 
-3.ln9042E-01 
-3.941907E-01 
-4.924134E-01 
-6.076235E-01 
-7.579615E-01 
-1.000n00E*00 
-1.00000OE+00 
-i.onoooo~+oo 
-1.000000E+OO 
-1 .oOOOOoE~00  
- 1 . 0 0 0 0 0 0 L ~ O O  
- 1 . O O O O O O E + 0 0  
-1.000000E*00 
-1.000n00E*o0 

EDDY2 
0. 
1.796287E-05 1.815673F-05 

1.777381E-05 
1.68137OE-05 
1.519994E-05 
4Jl59916€~04 
5.852 17bF-04 
7.027886F-04 
8.411664E-04 
1.002876E-03 
1.190383F-03 
1.405913E-03 
1.651190E-03 1~927081E-03 

2.233136€-03 
2.567027F-03 
2.923915F-03 
30295819E-03 
3.671154E-03 
4,03466YE-03 
4.368153E-03 
4~652356E-03 

5.009628F-03 
5.058476F-03 
4.951985F-03 
4.343281E-03 
2.26069!3€-03 
0. 
0. 

0. 
O a  

0. 
0.3 

4.87ni60~~03 

n. 

n. 

n, 

LHIX 
0. 
1.71227lE-03 
1 e79.6354E-03 
1,785500E-03 
1.741614€-03 
1.659824E-03 
6,997402E-03 
6.125246E-03 
9,531865E-03 1.121B2OE-02 

1.32301SE-02 
1.561818E-02 
lr843689E-02 
2el74344E-02 
2.559565E-02 
3r004893E-02 
3eSl5245E-92 
4eO94472E-02 
4r744948E-02 
5~467393E-02 
6.261294E-02 
7.126554E-02 
8.067321E-02 
9p099064E-02 
1.025197E-01 
le199616E-01 
le30631SE-01 
1.316861E-01 
9,89740OE-Of 
0. 
0. 
n, 
0, 

n e  

n. 

0. 

0. 
0 .  





onnTw 
0. 
0. 
6. 
0 0  
O m  

0. 
0. 
0. 
b e  
0 .  
0. 
0. 
0. 

0. 

O e  

0 .  
P. 
P *  
0. 
c e  

0. 

n. 

n .  

n e  

n o  

ST.NOc 
0. 
0. 
0. 
0. 

0. 

0. 
0 .  
0. 
0. 
0 .  
0. 
O r  
0. 
0 .  
0. 

0. 
0. 

0. 
0. 
0. 
6 0  

n, 
n. 

n e  

n. 

ZST/CC 
0. 
0. 
0 .  
0. 
0 .  
0. 
0 .  
0. 
0. 
0 0  

04 
0 .  
0. 
0 .  
0. 
O m  
0 .  
O C  

o c  
0. 
0 0  
O C  

0 8  
0 .  

O m  



VIII, DESCRIPTION OF ROUTINES 

D e c k  Name 

axISYM T h i s  rout ine uses the  Mangler Transformation t o  
convert the axisymmetric inputs t o  a corresponding 
two-dimensional s e t  of coordinates, Once t h e  
two-dimensional solut ion has been obtained, t h i s  
routine i s  a l s o  used t o  convert back t o  t h e  physical 
axisymmetric plane, A flow chart  of t h i s  rout ine 
i s  included a t  the end of . t h i s  section. 

BLOCK DATA All pre-set da ta  and default-option data  a r e  
s tored and i n i t i a l i z e d  i n  t h i s  routine,  

BLPROP This rout ine ca lcu la tes  a l l  the boundary layer 
proper t ies  i n  both t h e  transformed and physical 
planes and sets up the output arrays fo r  x, R e g l  
Re, and G, 

CHSUB This rout ine i s  ca l led  by the  integrat ion package 
t o  perform ce r t a in  tests. A t  present  it is a dummy. 

CLEM7X This rout ine is  a service rout ine fo r  t h e  
equilibrium-chemistry package and solves a system 
of simultaneous equations usingthemethod known 
as  p ivota l  condensation. 

COEFFS This rout ine calculates  the coef f ic ien ts  for  the 
matrix of ordinary d i f f e r e n t i a l  equations and t h e i r  
solut ion vector (I 

C O W  This subroutine converts s p e c i f i c  propert ies  from 
PSI coordinates t o  ETA coordinates and generates 
the ve loc i ty  p r o f i l e  UTILDA. 
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Deck N a m e  

DEFINT This rout ine  ca lcu la tes  ce r t a in  d e f i n i t e  in tegra ls ,  
t h e i r  re la ted  quan t i t i e s  and certain important 
der iva t ives  for both the  Crocco and non-Crocco 
in t eg ra l  port ions of the  calculat ion fo r  each of 
t he  d i f f e r e n t  viscosity-law options and wall 
conditions (I 

DERSUB This rout ine i s  ca l led  by the  in tegra t ion  package 
t o  evaluate the  der ivat ives  of t h e  dependent 
var iables .  It, i n  turn,  contains the  logic  which 
calls the routines which solve the energy equation; 
determine the proper edge conditions, determine the  
coef f ic ien ts  needed t o  solve t h e  matrix of ordinary 
d i f f e r e n t i a l  equations and inve r t  t k a t  matrix, A 
flow cha r t  of t h i s  rout ine is presented a t  the end 
of t h i s  section. 

ERROR 

FPRIM 

FUNCT 

This rout ine  p r i n t s  a l l  e r ror  messages and sets 
up the  standard e r ro r  termination mode of the  
program. When termination i s  complete, t h i s  
rout ine returns  t o  the  t rue  main program (sub- 
routine Main) fo r  processing of t h e  next case or  
run termination. 

This function sub-program is used by the  service 
rout ine,  NERIT, t o  evaluate the  der iva t ive  of t he  
function required t o  f ind the ETA associated 
with a par t i cu la r  PSI.  

This function sub-program is  used by various 
routines i n  the program t o ; ( a )  evaluate the  
integrand required t o  find the  in t eg ra l  I3ETA 
(from subroutines, PROFIL and THEFWO) , (b) 
evaluate the  function required t o  f i n d  the ETA 
associated with a pa r t i cu la r  PSI  (from subroutines 
INIT3 and C O W ) ,  and (c) evaluate the function 
required t o  determine the reference length and the 
transformed 2-D coordinates for  an axisymmetric 
case (from AXISYM) . 
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Deck N a m e  

GEPgt7X This routine i s  t h e  e s sen t i a l  part of t h e  
equilarium-chemistry package used i n  t h i s  program, 
Given the pressure and the temperature, enthalpy o r  
entropy, this  rout ine generates t h e  remaining 
thermodynamic proper t ies  f o r  8-specie-air 
using curve-fi t  da ta ,  I t  should be noted that 
GENL7X is a general chemistry routine which can 
be generated for a wide v a r i e t y  of gaseous chemical 
systems v i a  a chemistry-routine-generator program 
( R e f .  4) developed a t  GASL, 

GETFS 'This subroutine calculates s o m e  of t h e  coef f ic ien ts  
required i n  the solut ion of t h e  energy equation. 

GETPHI This rout ine ca lcu la tes  quan t i t i e s  required t o  
determine the  coef f ic ien ts  of the  tri-diagonalized 
matrix used i n  solving the  energy equation, In  
addition, it a l so  s tores  the  G p r o f i l e  i n t o  the  
GOLD array a f t e r  t h e  completion of an integrat ion 
step. 

HS ITER This rout ine does e s sen t i a l ly  a Mollier-type 
calculat ion (ice. when presented with t h e  enthalpy 
and entropy of a mixture of gases, it uses the 
equilibrium chemistry package t o  d e t e r m i s  the 
pressure and temperature of the  mixture v i a  an 
i t e r a t ion .  I t  is used only with the  equilibrium- 
chemistry package and then only when the  external  
ve loc i ty  as a function of a x i a l  dis tance is  input. 

I N I T L l  This subroutine calculates  the remaining free stream 
o r  reference condition quant i t ies ,  ca lcu la tes  and 
tabulates  a l l  t he  external  quan t i t i e s  and t h e i r  
der iva t ives ,  and Wnerates the i n i t i a l  wall-enthalpy 
r a t io .  
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Deck N a m e  

I N T U  The integrat ion package which i s  a closed rout ine 
used t o  solve the set  of ordinary d i f f e r e n t i a l  
equations, It is a f i f th-order  in tegra t ion  rout ine 
which uses .a  classicial  fourth-order Runge-Kutta 
formula i n  conjunction with Richardson's Extra- 
polat ion t o  t h e  L i m i t  Theory. 
fo r  var iab le  step s i z e  with the  computing in t e rva l  
varied t o  m e e t  l oca l  re la t ive- t runca t ion-er ror  
tolerances,  independently, on each Qf the  dependent 
var iables .  The rout ine  uses the s ing le  precision 
mode exclusively. 

The rout ine provides 

I N I T 2  

INIT3 

INPUT 

This subroutine ca lcu la tes  ce r t a in  constants re- 
quired by the  program. The f i r s t  group depends on 
ETASTR while t he  second group is associated with 
t h e  mesh parameters and is needed i n  the solut ion 
of the  energy equation. The t h i r d  group contains 
t h e  members of the  two-dimensional array,  A ,  which 
are needed fo r  both t h e  ad iaba t ic  and non-adiabatic 
wall  options. In  addition, ce r t a in  miscellaneous 
constants depending on the  i n i t i a l  conditions and 
laminar sublayer propert ies  a r e  evaluated depending 
upon the  v i scos i ty  option selected.  A flow char t  
of t h i s  rout ine i s  included a t  the end of t h i s  
section. 

This subroutine i n i t i a l l y  forms t h e  arrays G, 
I3ETA, UTILDA, RTILDA, MUTLDA, ETABAR and PSI using 
a Crocco-integral solut ion t o  the  energy equation- 

T h i s  rou t ine  is  responsible f o r  input of a l l  
required program da ta  and options. I t ,  i n  turn,  
c a l l s  the  necessary rout ines  to:  ( a )  convert the 
u n i t s  of a l l  input quan t i t i e s  t o  the  desired 
system, (b) t o  complete t h e  evaluation of free- 
stream o r  reference conditions,  (c)  t o  evaluate 
external  quant i t ies ,  and (d )  t o  convert axi- 
symmetric input information t o  transformed two- 
dimensional coordinates. A flow char t  of t h i s  
rout ine i s  included a t  the end of t h i s  section. 
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LAGDER This is a service routi.ne Which numerically 
calmlates t h e  derivative of a function using the  
Lagrangian sch erne - 

',LAGR This is another service rout ine  which when given 
tables of an independent variable, X, and a function 
y = F(x) w i l l  f ind,  by Lagrangian interpolat ion,  
(up to t en th  order) the value of yn associated with 
a particnlar x n" 

LGRANG This serv ice  rout ine in te rpola tes  to  any desired 
order  f r o m  tdbrrlated values of one or m o r e  functions 
of a s ingle  independent variable.  (It i s  s i m i l a r  
to tihe above service rout ine  b u t  is m o r e  general.) 

MAIM This. subroutine i s ,  i n  reali ty,  t he  t rue  main 
program, It sets up a l l  t h e  in t e rna l  switches, sets 
up the in i t i a l  values of the dependent var iables  
for the in tegra t ion  package, sets up and increments 
all counters and terminates the program i n  a non- 
error mode, It is the  only program rout ine which 
contains all the common blocks. 

MATRIX This subroutine calculates  t he  coef f ic ien ts  of the  
t r i -diagonal  matrix which has been generated by 
wri t ing the energy equation i n  f i n i t e  difference 
f o r m .  

NERIT This service rout ine  when given a function F ( x )  . 
and its der iva t ive  F' (x) , f inds  the  zeros of F (x) 
within s o m e  prescribed in t e rva l  (a ,b) .  

OUTPUT This rout ineL once integrat ion has begun, processes 
a l l  program output, Two separate en t ry-poin ts  
are included for processing the  output of profile 
information and for processing the output fo r  t h e  
special blocks of information pr inted i n  the 
axisymnetric option, 
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PRFILE This subroutine sets up t h e  necessary in t e r -  
polat ions of boundary layer  proper t ies  required t o  
obtain p r o f i l e s  a t  pre-specified points ,  In  
addition, it sets up the  interpolat ion t o  obtain 
the  enthalpy p r o f i l e  a t  a pa r t i cu la r  p r o f i l e  point  e 
A f l o w  char t  of t h i s  routine i s  included a t  t he  
end of t h i s  sect ion,  

PRINT This subroutine sets up t h e  dutput format and p r i n t s  
a l l  t he  u n i t  designations, option select ions,  case 
ident i fy ing  information, f r e e  stream o r  
reference condition information and control  card 
s e Lect i o  n s 

PRNDL This rout ine  extracts the laminar Prandtl  nuniber 
from tabulated information i n  Reference 5 a s  a function 
of temperature only. The pressure is included i n  
t h e  ca l l i ng  sequence for possible  fu ture  extensions, 

PRNDLT This rout ine has been included to  permit extract ion 
of t he  turbulent Prandtl f r o m  tabulated o r  curve f i t  
data .  A t  presentc t h i s  routine is a dummy, but  t he  
c a l l i n g  sequence permits spec i f ica t ion  of t h i s  para- 
meter a s  a function of any two var iables ,  

PROFIL T h i s  rout ine ca lcu la tes  ce r t a in  p r o f i l e  proper t ies  
required i n  order t o  solve the energy equation. 
A separate  entry point, PRFLZ, i s  provided for  the 
evaluation of EDDY2, LMIX, ETA, YDIS, RYBAR and 
RSUBY,- which a re  calculated and pr inted a t  a 
pa r t i cu la r  p r o f i l e  p o i n t ,  

SIMQ 

STDM 

This serv ice  rout ine  solves the  system of l i nea r  
ordinary d i f f e r e n t i a l  equations AY = B by matrix 
inversion. 

This service rout ine is  used t o  obtain a solution 
td the energy equation by t h e  inversion of a 
tri-diagorralizedmatrix. The enthalpy p r o f i l e  thus 
obtained i s  va l id  down t o  b u t  not  including the 
w a l l ,  The computation for the  wall  enthalpy is 
t rea ted  separately,  
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STICKY This subroutine calculates  a l l  t h e  t ransport  
propert ies  for t h e  options which are avai lable  
i n  t h i s  program, 
is provided fo r  t h e  calculat ion of the v i scos i ty  
from a p - 9 law or from Sutherland's Law. 

A separate en t ry  point,  PERFCT, 

TBLAYR 

TRAPIN 

XTERNL 

This is  a dummy main program and is simply a 
device fo r  permitt ing the  t r u e  main program, 
subroutine MAIN, t o  be referenced by other  program 
subroutines. This provides f o r  ease of handling 
mult iple  case input .  

This subroutine, when presented with boundary layer  
external  conditions and ve loc i ty  and enthalpy 
p ro f i l e s ,  calculates  the remaining thermodynamic 
and t ransport  propert ies  of t h e  f lu id ,  a s  a function 
of y ,  a f t e r  which it normalizes these quant i t ies ,  
and then constructs p ro f i l e s  of them. "his function 
is performed with e i the r  t he  per fec t  gas or 
equilibrium chemistry options. In addition, 
the rout ine  calculates  the densi ty  and density- 
v i scos i ty  r a t i o s  a t  t h e  w a l l ,  RHORHW and RHOMUW, 
respectively,  and updates the in tegra l ,  I3ETA. A 
flow char t  of t h i s  rout ine is  presented a t  the  
end of t h i s  sect ion.  

This i s  a service rout ine  which performs numerical 
in tegra t ion  by quadratures using the trapezoidal 
rule.  

T h i s  subroutine calculates  t he  r equ i s i t e  external  
conditions and t h e i r  der ivat ives  a t  a prescribed 
s t a t i o n  along t h e  body by Lagrangian interpolat ion 
of ex i s t ing  tables of t h i s  information constructed 
by t h e  I N I T L l  routine,  I n  addition, t h i s  rout ine 
calculates ,  (a) ce r t a in  other quant i t ies  which 
depend only on these external  conditions, (b) 
ce r t a in  logarithmic der ivat ives  needed e l  s e w  her  e 
i n  the program, and the normalized w a l l  quan t i t i e s  
fo r  a non-adiabatic case. A major portion of t h i s  
rout ine is bypassed for  t he  f l a t .  p l a t e  (&e. dp/dx=O) 
option. 
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UNITS This subroutine makes a l l  the necessary unit 
conversions between English system engineering 
units and S.I. (International) units for all 
input: and output information, Five separate 
entry points are provided in this routine to 
facilitate the conversion, 
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SUBROUTINE A X I S Y M  

and Terminate 

t o  Calculate  
S T A B )  rrm X 
and =TAR Given 

I I V 

of Stretched Array ( M I )  to 
2-D Coordinates Store O r i q .  Values 
in thex Array of hi .  COOK. 

Ca l l  'TRAPIN' 
t o  Calculate  
the  Transformed 
2-D Coordinates 

(Do LOOP) 

to Recompute 

a 

Yes  
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SUBROUTINE DERSUB 

Coef f i c i en t s  f o r  
Energy Equation 

Dependent Var iab les  
t o  their  Respective Solve the 

t o  Convert from t o  Calcu la te  
t j  t o  Coordinates t h e  Remaining 
and Generate Thermodynamics and 

t o  Evaluate 
C e r t a i n  Def in i t e  
I n t e g r a l s  Needed 

f o r  the Solu t ion  

t o  Inve r t  Values o f  t h e  t o  Calcu la te  
t h e  Matrix o f  

I A  
No 

Generate t h e  
Der iva t ives  ( i .e.  
t h e  DER Array) a s  
Functions of t h e  
CUVAR and C 
Arrays 

P r i n t  an .Error  
Message, P r i n t  
the Contents o f  
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Constants Which 

Qdiabatic Wal 

E 

'A' Array €or 
a No-Adiabatic 

3 

i 

'A '  Array Required 

brivatives N e a r  

B 
ij 

L for Evaluation of 

Sutherland's Law 

en Selecte 
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SUBROUTINE INPUT 
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SUBROWIME T H E W  

F i r s t  Pass 

Has the Perfect 

elected’? 
Set up =ski- Valwxi 
for the Pressure, Tecap-. 
Bnthalpy, M o l .  w g t . .  
an& Spec. Heat 

C o m p u t e  HTOTY IETA = 1 
to IETW 

NU 

i I 

Y e s  

with EwLy.lFzKHM 

Gas O p t i o n  
een’selected 

T e r m i n a t e  

C a l l  ’GENR7X’ 
w i t h  PEX. H ( s t a t i c )  
and a G u e s s  for TY. 
Return w i t h  Correct 

KOPT = 2 

Set PRTURB (IETA) 
to PRPFTUF. C o m p u t e  

C o m p u t e  RHORIiW 

c 

C a l l  ‘Error’ I T e r m i n a t e  and I 
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SUBROUTINE PROFILE 

for Selected 

value of XPROFL I 1 .  I 

to Obtain 
Interpolated 

Call “IEPIIOT” Ca 1 I “THERM0 ” Call “CONV” 
to Revaluate - to Calculate to Generate 

the Correct 
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M, PROGRAM . USE, OPERATION, dlEJD LIMITATIONS 

'I!his program is designed for use on the  CDC 6600 
series computer, All coding has been done i n  standard FORTRAN 
I V  language with t h e  idea of making the  program a s  readi ly  con- 
v e r t i b l e  to other computer systems a s  possible,  The source 
program is approximately 5000 cards and has been compiled and 
executed on both the  standard run FORTRAN and Extended FORTRAN 
CDC systems, No intermediate u t i l i t y  tapes a re  required, 

With l i t t l e  modification, the program may be 
executed on an IBM System/360 Computer. To accomplish th i s ,  
tk following subroutines would have to be replaced with t h e i r  
S y s t e d 3 6 0  counterparts: 

forms of t h e  data  statements which s t o r e  curve GENL7X 

f i t  information i n t o  multiple subscripted arrays 
is not compatible between the systems STICKY 

COEE'FS the  members of the AA and C one-dimensional arrays 
constructed i n  t h i s  routine were formed from a 
two-dimensional array,  The conversion is  not the 
same i n  both systems. 

INTlA the  present form of the  integrator  package takes 
advantage of the  word s i z e  of the CDC 6600 se r i e s  
computer t o  afford adequate control of round-off 
e r ror  without r e so r t  t o  s o m e  double precision 
computation - a companion integrator  package,INTl, 
which uses a ' ' p a r t i a l  double-precision mode" of oper- 
a t ion should be used for program execution on the 
System/360 computers. 
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The program may be batch- rocessed with others and any 
one t i m e ,  The program logic  er of cases may be input 

(including common block) requires appraximately 33,000 decimal 
locat ions (M 100,UO08) €or execution and aD addi t ional  14c,0008 
for loading on the 6600 series computer, Program execution time 
depends t c  a la rge  extent  on the  options selqcted and t h e  prob.lan 
atteqqted. present experience indicates  computation t i m e  i n  
the  range of tom l/2 to  1-1/2 seconds per integrat ion s tep,  

M o s t  of the present program l imitat ions have keen mentioned 
elsewhere i n  t h e t e x t .  They a r e  summarized below: 

1) A maximum of 50 data  p o i n t s  may be specified i n  
the a x i a l  direct ion,  

2)  The q-mesh  is permi t ted  t o  grow t o  a maximum of 
50 points,  

3 )  Tke subroutine wUch generates the laminar Prandtl 
nuniber has tabulated data  which is a function of 
temperature only, 

4) The suhroutine for  .generating t h e  turbulent Prandtl 
nuniber i s  a t  present a dummy routine. 

5 )  Only NINTPT P r i n t  Control i s a v a i l a b l e  i n  the  
present version of the program, 

Two sect ions of the program have, as ye t ,  not been 
thoroughly tes ted ,  These are:  

1) t he  rout ine which calculates  t ransport  properties 
as functions of pressure and temperature - the 
user  is advised t o  use the p - Tni or  Sutherland 
law formulations a t  present, 

2 )  the equi l ibr ium chemistry package - the user is 
advised ' to  use the perfect  gas option of the 
program a t  present.' 
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TABLE O F  SYMBOLS AND PROGRAM NOTATION 

NOTE: When appropriate the correspondence between program 
notation and the notation u t i l i z e d  i n  Par t  I of t h i s  
report  is given i n  parentheses, 

ALPHA (Tii) - a var iab le  gr id  system parameter 

al + a - polynomial coef f ic ien ts  used for  geometry 
specif icat ion i n  conjunction w i t h  the  axi- 
symmetric option. 

wall  quant i t ies  for the  various wall  options. 

5 

A - t h e  2-D array of constants used t o  evaluate 

ACONST(A) - law t3f the  wall  constant 

AA - a 1-D a r ray  of coef f ic ien ts  used t o  solve the 

B (b) - mixing leng'th constant 

BETA (8 )  

system of ordinary d i f f e r e n t i a l  equations. 

- Clauser eddy v i scos i ty  parameter 

C 

CP 

CaYPREQ 

- the solut ion vector f o r  the  system of ordinary 
d i f f e r e n t i a l  equations, 

- t h e  constant pressure 

- l oca l  external  value of CP 

- s t r e a m w i s e  independent var iable  of the system 

e c i f i c  hea t  ca a c i t y  
of the gas - ft2/sec2 % o r  Joulesfig 8 K 

- the  physical s t r e a m w i s e  Reynolds nurriber, 
a dependent var iab  l e  

- the  i n i t i a l  value CHI 

- t he  der iva t ive  of the dependent variable,  CWX 

- t h e  maximumvalue of CHI - an input used for 
normal case termination. 

0 0 - Sutherland Viscosity Law constant - R or  K, 

COLD - t he  solut ion.vector ,  C, before being operated on 

CFBAR(Zf) - the  skin f r i c t i o n  coef f ic ien t  i n  the transformed 

by the  matrix inversion rou t ine ,  SIm, 

plane. 

81 



&"F (c,) - the skin f r i c t i o n  coef f ic ien t  i n  the physical 
plane 

CF%XTHT/2 - 

- t he  minimum increment, PSI 

) -  t h e  i n i t i a l  increment of CHIBAR 

D C I W  - the  maximum permitted increment of CHIBAR. 

DWSDXI - a der iva t ive  needed t o  transform axisymmetric 
coordinates t o  2-D coordinates * 

DPEBX(dp_/dx) - lbs/ft / f t  o r  Newton/m /m The derivat ives  2 2 
l= of the external  DLIEDX(dUe/dx) - f t / s ec / f t  o r  meters/sec/meter pressure veloci ty  I 

densi ty ,  viscosi ty ,  DRQEDX(dpe/dx) - s lugs / f t3 / f t  o r  kg/m /m 

DMefEDX (dpe/dx) - lbs sec/f t2/f t o r  Newton-sec/m /m static temperature, 

DEMDEX(dM /ax)- ft"' or meters 

3 

2 Mach numbero and 

-1 respectively.  e - 
0 0 DTEDX(dTe/dx) - R/ft o r  K/meter 

x )  - the a x i a l  displacement along the  body-ft o r  meters 

DLTASTR(6") - the  notation used i n  the output format for  the  
physical displacement thickness - f t  o r  meters 

E r n 1  - a 1-D array containing the  upper bound of t h e  
loca l  r e l a t i v e  truncation e r ro r s  

E m 2  - a 1-D a r ray  containing the  lower bound or  
r e l a t i v e  zero fo r  each dependent var iab le  

~~~ (PW) 
lbs-sec/f t2 o r  Newtons-sec/rneter* 

EMWQ (pwo 1 
IDJm.3 (Pel 

- t he  v iscos i ty  of the  f l u i d  a t  the  wall - 
- the i n i t i a l  value EMUW 

- t he  loca l  external  value of v i scos i ty  - 
- l oca l  external  Mach nuniber 

- i n i t i a l  or  reference value of EME 

- transformed normal coordinate normalized w , r . t  

lbs-sec/ft2 o r  Newton-sec/m2 
(Me) 

EMEO(Meo) 

ETABAR($) 

ETASTRfi*) - specif ied (constant)  value of ETABAR 

E3''A (Q) - physicalnonttalcoordinate normalized w , r . t  

ETATILOA(G) - t he  name used i n  the output fo r  one of Coles 

boundary layer thickness 

boundary layer  thickness 

sca l ing  parameters 
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ETLDA) (to) 
ETATLDAP (5 ' ) 
EDDY1 ( l + c / V )  ames f o r  eddy v iscos i ty  functions 

- the i n i t i a l  value of ETATIIfDA 

t h e  output name of the der iva t ive  of ETATILDA 

EDDY2 (clue 6 
- the  namelist name used to  input changes t o  

thermodynamics and/or t ransport  propert ies  
of the f l u i d ,  

- t he  1-D array containing the working value 

- the  wall  value of G 

- the  1-D array of the G p r o f i l e  a t  the end 

of the enthalpy p r o f i l e  

of an integrat ion s t e p  

- t he  spec i f i c  heat  r a t i o  of the gas 

- the  compressible. form factor .  - the  transformed form factor  

- the  static enthalpy of the external  f l u id  - 

- the  t o t a l  enthalpy of the f r e e  stream - 

output names 

ft2/sec2 or Joules/kg 

f t2/sec2 or  J o u l e s h g  

HTILDA(Be) 

IETMAX - the  maximum nuniber of mesh points  i n  the PSI 

IERR - an e r ro r  indicator s e t  by the  integrat ion 

I INTRL - running counter which indicates  t he  number of 

ITEXT - a p r i n t  switch used by the  h t e g r a t o r  for  pr in t ing  

- the  loca l  r a t i o  HTOTE/HE 

d i r e  e t  ion 

package 

integrat ion s teps  completed. 

a h i s to ry  of the  computing in t e rva l  and reasons 
f o r  i t s  change 

- densi ty  in t eg ra l  ISETA ( 13) 

13ETAS(13 ) - I3ETA evaluated a t  the sublayer edge 
S 

13EDGE(13 ) - ISETA evaluated at the  edge of the  boundary layer 

K - dimensionless grouping u t i l i z e d  i n  the Sutherland 
v iscos i ty  law K E C A Y P R M ( C P ) / ~ O T E  

e 
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KE - an e r ro r  indicator  pr inted by LAGR(e,f.. error 

m ST - the input integer w i t h  which the user s e l e c t s  

message 19, Section V I )  

the  number of i i n e s  i n  each output p r i n t  block, 

LORDRl - input parameters which may be used for  changing 

LORDR;! 

LREF - these two parameters are used i n  d i f f e ren t  places 

LBODY i n  the wisymmetric option - f t  or  meters 

LMIX(&/6) 

the  order of the interpolat ion performed by 
L in subroutine PRFILE and XTERNL, respectively.  

(L) t o  r e fe r  to  the same quantity (i.e., the body length) 

- the output notation used t o  present the dimension- 
l e s s  mixing length. 

- the quant i t ies  which may be input t o  change the MORDR1 
MORDRZ 
MORDR3 
pIDRDR4 

MACH 

MUTLDA(Z) 

MUTLDS(cs) 

MUTLDAW(k)  - MUTlLDA evaluated a t  the  wall  

NOXPTS - the  number of ax ia l  points  along wliich external 

order of the interpolat ion performed by the service 
routine,  LAGR i n  DEMNT, FUNCT(twice) and by AXISYM, 
respec ti ve l y  . 
Mach number d is t r ibu t ion ,  

- the  namelist name used f o r  input of the  external  

- viscos i ty  normalized w i t h  respect t o  local  

- MUTLDA evaluated a t  the sub-layer edge 

external  value 

information is supplied 

NPRFPT - the  number of points  a t  which p ro f i l e s  a r e  

WINTPT - the  number of integrat ion s teps  between adjacent 

NORDIC1 - the  quant i t ies  which may be input i n  order t o  
NORDR2 change the number of points  used i n  computing the  

desired 

l i nes  of pr intout  i n  an output block. 

der ivat ive i n  INITLl and AXISYM, respectively,  

OVRIDE - the  namelist name used for  input of a l l  required 
program input information 

HTILDA and GWALL 

lbs / in  o r  Newtons/m2 

p (PI - the P I  correlat ion parameter - a func t ion  of 

PE (PeJ - the  e q e r n a l  pressure d i s t r ibu t ion  - input  i n  
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PEO (p 1 - 
PRESSR I 

PHIBAR (z) - 
PHIBRO (Go) - 
PHIMAX - 

RBARP (E') - 
RYBAR ( E L )  - 

Y 

RDLTBAR(R5) - 

t h e  i n i t i a l ' o r  reference value of PE 

t h e  namelist name used fo r  input of t h e  external 
pres sur  e d i s t r ibu t ion  

t h e  t o t a l  pressure of the  free stream lbf / f t  o r  
Newtons/meter 

the working value o f  the wake parameter, a dependent 
variable 

t h e  i n i t i a l  value of  the PI 

t h e  der iva t ive  of t h e  dependent var iable  PI 

the working value of the  incompressible skin 
f r i c t i o n  parameter, a dependent var iable  

t h e  output name used ffer t h e  dependent var iable ,  
P H I  

the i n i t i a l  value of PHI  

t h e  m a x i m u m  value of  P H I  parameter, (i.e., i f  
P H I  exceeds t h i s  value, an e r r o r  message i s  
pr in ted  and the program terminates).  

t h e  der iva t ive  of the dependent var iab le  PHI 

laminar Prandtl number 

turbulent  Prandtl  number 

t h e  l a t e r a l  independent var iab le  of t h e  system 

the  h e a t  t r ans fe r  ra te  t o  the surface -BTU/ft /sec 
o r  watts/meter2 

t h e  transformed Reynolds number baped on boundary 
layer height  and i n i t i a l  u n i t  Reynolds number - 
a dependent vzzriable 

the der iva t ive  of the dependent var iable  RBAR 

transformed Reynolds n u d e r  based on the normal 
coordinate and the loca l  u n i t  Reynolds number 

the output name used fo r  the transformed Reynolds 
number based on the boundary layer height  and 
t h e  local u n i t  Reynolds number 

2 
2 

may be input 
w i t h  these names I 

2 

RBRDLSTR(E )-the output name used for  the transformed Reynolds 

RTHETABR (s) - t he  output name used for  the  transformed Reynolds 

nuniber based on the  displacement thickness and local  
u n i t  Reynolds n u d e r  

number based on the  momentum thickness and local  
u n i t  Reynolds number 

6* 
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RSUBY(R ) - physical Reynolds nuniber based on normal 

RDELTA(R6) 

coordinate and loca l  un i t  Reynolds number 

- t h e  output name used fo r  t h e  physical Reynolds 
number based on the boundary layer  height  and 
the  loca l  u n i t  Reynolds number 

Y 

(R6,)- t h e  output name used for the physical Reynolds. 
number based on the  displacement thickness and 
t h e  loca l  u n i t  Reynolds number 

- t he  output name used for  t he  physical Reynolds 
number based on the  momentum thickness and the  
loca l  u n i t  Reynolds number 

ft-fl or m e t e r s - 1  

R T H E T A ( R ~ )  

REX - local value of t he  physical u n i t  Reynolds number 

REQLo - I n i t i a l  value of REX 

REX2 - physical s t r e a m w i s e  Reynolds number based on 

RHOE (Pel 

RHOW (P,) 

RHOWO(pwo) 

RTILDA ( 6 )  - t he  densi ty  normalized w . r . t  t he  loca l  ex terna l  

RTILDAS(Fs)  - RTILDA evaluated a t  the  sublayer edge 

RHORW(Fw) 

RBTLDAW (pw) - the name used fo r  t he  output  of RHORW 

RHOMPIW (p”Sw) - the normalized wall  value of the densi ty  v iscos i ty  

RSTAR - radius of body of revolution normalized w . r . t  

RSTARO - value of RSTAR corresponding t o  the  s t a r t i ng  

0 

RSTARI - an interpolated value of RSTAR 

SPEED - t h e  namelist name used fo r  input of the external  

local u n i t  Reynolds number 

o r  kg/m3 

o r  kg/m3 

3 - t he  local external value of densi ty  - s lugs / f t  

- t h e  densi ty  of the  f l u i d  a t  the wall  - s lugs / f t  

- t h e  i n i t i a l  value of RHOW 

3 

value 

- RTILDA evaluated a t  t h e  wall  

product 

LBODY 

length x* 

veloci ty  d i s t r ibu t ion  
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SGMATILDA(5)- t he  program~output name used for  one of  Coles' 

S G M A T W  

ST(  S t )  

T 

TTILDA (?) 
- 

TTLDAW (T) 

TRMLKE 

TMLKWO 

TRMLKW 

TAUFCT 
7 

( < -1) 
TAULAW 

THETA ( e )  

UEO(U 1 
UE We) 

e0 
UEBAR (Ee) 

sca l ing  parameters 

- the  der iva t ive  of SGmTLDl4 

- the  Stanton nurcber 

- the  temperature i n  the  u - T v i scos i ty  law 

- t he  wal l  temperature - R or  K 

- the  reference temperature used i n  the  ,u - 8 and 

- the  temperature of the  external  f l u i d  - R o r  K 

- the  free stream o r  reference t o t a l  temperature 

- t he  s t a t i c  temperature normalized w , r , t ,  the  

- the  wal l  value of TTILDA 

- t h e  thermal conductivity d i s t r ibu t ion  

- t he  i n i t i a l  thermal conductivity of sec R 
t he  f l u i d  a t  the  wal l  

- the  working value of the therm. 
cond. of the  f l u i d  a t  the  wall  

n 
0 0 formulation - R or K 

0 0 

Sutherland law formulation- OR Qr OK 
0 0 

0 
R o r  OK 

l oca l  edge value 

lb f 
_c_ 

of the  external  f l u i d  
0 '  

or  
Joules 
m s e c  OR 

- the output name used for the shear stress 
functions ' 

- PHI/ACONST + ALOG (PHI/ (RBRDPR*B) ) -2  e *PI 

- physical momentum thickness - f t  o r  m e t e r s  

- t he  loca l  external  ve loc i ty  - f t / s ec  or meters/sec 

- the  i n i t i a l  o r  reference value of UE 

- the  l o c a l  external  ve loc i ty  normalized with 
respect  t o  UEO - a dependent var iable  
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n i t i a l .  value. of the dependent var iable  U E E W ~  

uEBARP (Fen ) - the  der ivat ive of the  dependent var iable  UEBAR 

UTILDA (E) - the yeloci ty  normalized w i t h  respect t o  the 
local external  value 

formulation 

gr/gr mole 

the body - f t  o r  meters 

- the  exponent of the temperature i n  a /,A - 'I? 

- the molecular weight of the f l u i d  - lb/lb mole or 

- the running value of the ax ia l  coordinate along 

- the  i n i t i a l ,  s t a r t i n g  OF reference value of X 

- the  1-D array of user-prescribed values of X, 
or  REX a t  which prof i les  a r e  t o  be computed 

- the  mole f rac t ions  of the species used i n  the 
equilibrium chemistry package 

- the  i n i t i a l  s t a r t i n g  or  feference value of the  
ax ia l  coordinate normalized w . r . t ,  LBODY 

- the maximum body length i n  transformed 2-D 
coordinates - f t  or meters 

- the interpolated value of the normalized axisymmetric. 
coordinate used t o  generate p ro f i l e s  

- a transformed Reynolds number based on sub-layer 
height and shear velocity- a program constant 

- the physical normal coordinate - f t  or meters 

*% 

88 



IDENTIFICATION COLUMN 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13 

14 

15 
03 

16 

17 

18 

19 

20 

21 

22 

NOXPTS 
No, of x pts. 
which a re  t o  
be input 

No. of 100'9 
No. of l o ' s  
NO. of 1's 

NO. of pts .  a t  
which prof i les  
are desired 

NO. of inte- 
gration steps 
between adja- 
cent l ines  of 
printout 

NO- of l i nes  

each pr in t  
block. 

NO. of 100's 

NO. of 1's 

No. of 100's 

NPRPPT NO. Of IO'S 

1 NINTPT NO. of LO'S 
NO. Of 1's 

NO. of 100's 

NO. of 1's 
KTEST No. of 10's 

0 - English System Units 
1 - S.I. u n i t s  

(INPUT) 

(OUTPUT) 0 - English System U n i t s  
1 - S.I. un i t s  

0 - 2-D case 
1-9 Axisynanetric case 

0 - Profi les  a t  specified x 
1 -  I* 

2 -  ( 8  

0 - Leave blank 

0 - Do nothing 
1' - I f  S.I. units a r e  used and K' is 

0 - with dp/dx 

Reg 
R e x  

t o  be changed 

1 - dp/dx = 0 

o - Pe(x) 
1 - ue!x) ( INPUT)  
2 - M e ( X )  

0 - No f luid property changes 
1 - Changes t o  e i ther  thermo. ahd/or 

' 

transp. properties 

0 - Perfect gas 
1 - Equilibrium chemistry 

"LUMN 

23 

24 

25 

26 

27 

28 

29 

30 - 

31 - 

32 - 

33 

34 

35 

36 

37 

CONTROL CARD TABLE 

IDENTIFICATION 

0 - Do nothing 
1 - Stop a f t e r  pr int ing a short block 

0 - Sutherland's Law 
(both chem. option) 

1 - p frorn f i t s  - only 
equil. chem.) Options) 

2 - p - T" -(only 
perfect  gas) 

0 - Adiabatic wall 
1 - Isothermal w a l l  

0 - U s e  Prandtl No. from subroutine 
1 - U s e s  input or block data  value 

0 - Do nothing 
1 - I f  S.I. units a re  used and viscosity 

0 - Do nothing 
1 - Dump data array i n  chem. package 

0 - Do nothing 
1 - stop a f t e r  pr int ing edge condition 

0 - ITEXT = 0 Do nothing 
1 - ITEXT = 1 - Trace reasons for step 

0 - Default 
1 - Change order of LGRANG i n  PRFILE 

0 - Default 
1 - Change order of LGRANG i n  XTERNL 

0 - Default 
1 - Change order of LAGR i n  DEFINT 

0 - Default 
1 - Change order of LAGR in  FUNCT for 

evaluating the integral  I3ETA 

0 - Default 
1 - Change order of LAGR i n  FUNCT for  

0 - Default 
1 - Change order of LAGR i n  AXISYM 
0 - Default 
1 - Change order of LAGR in  AXISYM 

(Viscosity 

re f .  values a re  t o  be changed 

info. 

sire changes 

evaluating r* and dr*/dx 

COLUMN 

38 

39 

40 

41 

42 

43 

44 

4 5  

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 
62 
63 
64 

65 
66 
67 
68 

69 
70 
71 
7 2  

IDENTIFICATION 

0 - Default 
1 - Change order of LAGDER i n  AXISYM 

Dump switch for HSITER 

Dump switch for  THERM0 

Dump switch for AXISYM 

Dump switch for  PRFILE 

Dump switch for STDM 

Dump switch for  DWSUB 

Dump switch for  MIN 

Dump switch for BLPROP 

Dump switch for  XTERNL 

Dump switch for  COW 

Dump switch for PROFIL 

Dump switch for FUlJCT 

Dump switch for  COEFF 

Dump switch for  FPRIM 

Dump switch for GETFS 

Dump switch for MATRX 

Dump switch for GETPHI 

Dump switch for I N I T Z  

Dump switch for DEFINT 

Dump switch for INIT3 

Dump switch for  N E R I T  

0 - Do not  u s e  P I  correlation 
1 - U s e  PI correlation 

No. of 
F i r s t  integration No. Of 1000's 

NO. of 10's 
No. of 1's 

s tep  a t  which t race 
sequence is t o  change I 

No. of 1000's Second integration 
No. of 100's s tep  a t  which t race 

No. of 1's * 

No. of 1000's "Third integration 
No. of 100's , s t e p  a t  which trace 
NO. of 10's sequence is to change 
NO. of 1's 

No. of 10's / :sequence is to change 



SUMMARY OF PRE-SET DATA 

ACONST = 2.43 
B = 7.5  
BETA = 0.016 
ETASTR = 0 .5  
YBPLUS = 10.6 

VEX = 0.76 
PRNLAM = 0.72 
PRNTUR = 0.72 
CAYPRM = 198.6OR 
GAMA = 1.48 
TEMPR = 500 R 
VISTR = 3 . 5 8 4 7 ~ 1 0 - ~  

XMOLE 
(02)  = -209727 
(N2)  = .77898? 

(e-) = .25x10 
(AR) = .009288 
(N) = . 2 5 ~ 1 0 - 6  
(NO) = .00197 
(NO’) = .25x1OW6 
( 0 )  = .25~10’6 

D P S I  = 5.0 
ALPI-IA = 1.3 

-6 

LORDR1,LORDR2 = 2 
MORDRl , MORDR2 
MORDR3,MOlUIR4 

NORDRl,NO€?DR2 = 1 
ETLDA0,UEBARO = 1 
CHI0 ,CHIBAR 
XO, LREF = o  

PHIMAX 
CHIMAX 
DCHIBR 
DCIMAX 

lb f - se c 

.OOOl 
0 0001 
too01 
* 0001 
-01 
.OOOl 
. O O O l  

90 

DEP.  
VAR * 

P H I  
REAR 
P I  
UBBAR 
C H I  
ETILDA 
STILDA 

- 

9 

6 

= 100. 
= 0.1x10 
= 5000. 
= 1.ox10 

E L E 2  - 
1.0x10-~ 
1 e 0x10~; 

1. o ~ ~ o - ~  
1 * ox1029 
1. ox10--9 

1.OxlO 

1 . O X l O  

NASA-Langley, 1970 - 12 CR-1681 




